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Abstract: Recent advances in carbohydrate chemistry and glycobiology have led to a 
better understanding of carbohydrates and the associated biological glycosylation in 
biology. This report describes new advances in carbohydrate synthesis and its 
application to the understanding of glycosylation in protein folding, cancer progression, 
influenza and SARS-CoV-2 infection and the development of carbohydrate-based 
medicines. 
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1. Introduction 
 
Carbohydrates are one of the four major 
classes of biomolecules that make up 
cells. They are often linked to lipids as 
glycolipids or to proteins as glycoproteins 
through glycosylation. These glycoconju-
gates are often expressed on cell surface 
and are involved in almost everything, 
including protein folding, viral infection, 
spread of cancer cells, differentiation of 
stem cells, egg-sperm interaction, and 
many other biological recognition events. 
Despite their importance, the roles of 
carbohydrates and the associated glyco-
sylation reactions in biology and disease 
progression have not been well under-
stood, mainly due to the lack of tools and 
methods and the availability of homo-

geneous substances for the study of this 
class of molecules. So, over the years, we 
have been actively involved in the 
development of new methods for the 
study of carbohydrates and the associated 
glycosylation reactions [1]. These include 
the development of programmable one-
pot chemical synthesis and chemo-
enzymatic synthesis of oligosaccharides 
and glycoproteins, design of glyco-
sylation probes for identification of 
cancer-specific glycans on cell surface, 
and development of glycan microarrays 
for the high throughput analysis of 
protein-sugar interaction. These methods 
have led to a better understanding of 
glycosylation in biology and the 
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development of new medicines, such as 
carbohydrate-based vaccines against can-
cer and viral infection, homogeneous 
anti-bodies with well-defined Fc glycan 

to improve effector functions and in-
hibitors of carbohydrate enzymes assoc-
iated with disease progression (Figure 1). 

Figure 1. Development of new tools and methods for the study of cell-
surface glycans: chemo-enzymatic and programmable one-pot synthesis of 
oligosaccharides, design of glycosylation probes to monitor biological 
glycosylation, and glycan microarray to study protein-glycan interaction. 
These methods have been used for development of vaccines against cancer 
and microbial infection, homogeneous antibodies to improve effector 
functions and glyco-enzyme inhibitors. 

2. Programmable One-Pot and
Chemo-enzymatic Synthesis of
Oligosaccharides

In 1999, my laboratory developed the 
first programmable one-pot synthesis of 
oligosaccharides using a library of about 
50 building blocks with defined relative 
reactivity value (RRV) for sequential 
glycosylation reaction [2]. Since then, we 

have expanded the library to more than 
50,000 building blocks with predicted 
RRV using machine learning [3], and also 
included the reactivity of hydroxyl accep-
tors in the presence of protecting groups 
[4]. We have also updated the software to 
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guide the selection of building blocks for 
one-pot reaction. To use the program, one 
can simply enter the glycan sequence of 
interest to the computer, and it will show 
the building blocks to be added sequent-
ially to a reaction mixture, starting from 
the most reactive to the least reactive one. 
After all the building blocks are added, 

the product with protecting groups is 
formed quickly, usually in minutes, and 
after global deprotection and purification, 
the oligosaccharide is obtained. This 
rapid programmable synthesis method 
has been used for the synthesis of various 
glycans including heparin pentasacch-
arides (Figure 2, [5]),  

Figure 2. Programmable and Modular Synthesis of Heparin Pentasaccharides 

and it is expected that this method and 
the automated solid-phase synthesis [6], 
as well as the enzymatic method, will be 

used to further expand the structural 
diversity of glycans [1].

The development of programmable one-
pot method was inspired by the way an 
oligosaccharide is made by enzymes in 
our body. As shown in the enzymatic 
synthesis of cancer-specific Globo-H and 
SSEA4 (Figure 3, [7]), the first enzyme 
product becomes the substrate of the 
second enzyme, and its product becomes 
the substrate of the third enzyme. So, the 

final product can be obtained in a one-pot 
manner with all the enzymes mixed 
together, including the sugar nucleotide 
regeneration system that was designed to 
reduce the cost and eliminate the problem 
of feed-back inhibition caused by the re-
leased nucleoside phosphate in the glyco-
sylation reaction. 
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Figure 3. Chemo-enzymatic Synthesis of the Globo-series Glycans of SSEA3, SSEA4 
and Globo-H 

3. Glycan Microarray

With various glycans available, we can 
use them to create glycan arrays for the 

study of protein-glycan interaction [8]. 

Figure 4. Synthesis of Sialosides and N-glycans for the Preparation of Glycan Array 

© The AIC 2023. All rights reserved. Volume 94 Number 1 | The Chemist | Page 4



Figure 4 shows the profiling of influenza 
hemagglutinins interacting with an array 
of sialosides on a glass slide. We know 
human influenza virus recognizes alpha-
2,6-linked sialosides and avian virus 
recognizes 2,3-linked sialosides on the 
surface of epithelial cells in our upper and 
lower airway tracks. Using the glycan 
array, we can further understand the 
nature and structure of the internal 
glycans recognized by different 
hemagglutinin subtypes and define their 
binding specificity. We also developed 
the more homogeneous aluminum oxide-
coated glycan array to profile some of the 

broadly neutralizing antibodies isolated 
from HIV positive patients who did not 
develop into AIDS [9]. These antibodies 
are known to target some unusual N-
glycans on gp120 and neutralize over 
70% of the more than 2000 HIV variants 
known to date. As an example, the 
unusual hybrid-type glycan as shown in 
Figure 4 was identified as a nanomolar 
ligand for the antibody PG9 [10] and 
work is in progress to use this unusual 
glycan as epitope for vaccine design, 
hopefully to elicit PG9-like antibody 
against HIV.

 
 
4. Impact of Glycosylation on Protein 
Folding 
 

 
Figure 5. Impact of glycosylation on protein folding and stability using a 
model protein (hCD2ad) without proline and disulfide bond to interfere. 
The core trisaccharide is essential for protein folding and stability. GlcNAc 
(a) speeds up the folding by 0.8 kcal/mol and stabilizes the folded structure 
by 2 kcal/mol. Additional stabilization (1.1 kcal/mol) is from Man-GlcNAc 
(c-b). The rest of glycans are involved in function. 

© The AIC 2023. All rights reserved. Volume 94 Number 1 | The Chemist | Page 5



To understand how glycosylation affects 
protein folding, we first studied the O-
glycosylation where N-acetylgluco-
samine is attached to the Ser or Thr 
residue. We then studied the N-
glycosylation and used hCD2ad as a 
model (Figure 5) because it does not  
have the proline residue or disulfide bond 
to interfere with folding. We found that 
the first sugar attached to the Asn residue, 
i.e., GlcNAc, is the most important, as it
speeds up the protein folding by 0.8
kcal/mol and stabilized the folded
structure by 2 kcal/mol, and another one
kcal is from the second and the third
sugars together. These three sugars
constitute the core trisaccharide which is
highly conserved from yeast to human,

and the rest of sugars are not associated 
with folding but may involve in different 
recognition events [11,12]. 

To further understand the origin of the 2 
kcal contributed by the GlcNAc residue 
to stabilize the protein, we performed an 
NMR study using another model without 
proline or disulfide. It showed that the 
GlcNAc residue has a hydrophobic 
interaction with the nearby Phe group that 
accounts for about one kcal/mol, and this 
interaction changes the orientation of Phe 
to trigger the following hydrophobic 
interactions in the beta sheet region, very 
much like a domino effect that accounts 
for another one kcal/mol. 

5. Low-Sugar Universal Vaccines
Against Influenza and SARS-CoV-2

This finding has led to the development 
of universal vaccines against influenza 
and SARS-CoV-2 through glyco-
engineering. Both human viruses are 
RNA viruses that are easy to mutate. In 
addition, the virus surface immunogen, 
either hemagglutinin or spike (S) protein, 
is highly glycosylated to shield the 
conserved epitopes from immune 
response. Our proposition is to remove 
the shielded glycans on S protein to better 
expose the conserved epitopes and use 
the low-sugar S protein as vaccine. 

The SARS-Cov-2 spike protein is a 
trimer and each monomer contains about 
1300 amino acids, 22 N-glycosites and 2 
O-glycosites. There are more than 10
million S protein sequences reported by
GISAID today though most of them have

insignificant mutation rate. Currently, 
more than 85% of confirmed cases are 
infected by omicron BA.2 subvariant 
(March 20, 2022) while 3 months ago, the 
delta variant accounted for more than 
98% of the confirmed cases. Although 
current vaccines have proven highly 
effective against severe infection, 
breakthrough infection occurs relatively 
often, suggesting the need for a broadly 
protective vaccine. 

We carried out the sequence alignment of 
more than 6 million S proteins from 
GISAID and identified 12 highly 
conserved epitopes, 7 in the receptor 
binding domain (RBD) and 5 in the stem 
domain (HR2); and 10 of these 12 
epitopes are shielded by glycans.  
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Figure 6. (Left) Fully Glycosylated Spike Protein; (Right) Mono-GlcNAc 
Decorated (or Low-Sugar) Spike Protein. Green RBD; gray S1; dark gray 
S2; blue glycans; red mutation sites (mutation rate >0.05%). 

 
We found that when the N-glycans of the 
wild-type spike protein are trimmed 
down to a mono-GlcNAc decorated 
glycoform (Figure 6), it induced en-
hanced and broadly 

protective antibody, CD4 and CD8 T-cell 
responses against all variants of concern, 
including alpha, beta, gamma, delta and 
omicron variants (Figure 7).  

 

 
Figure 7. Mono-GlcNAc decorated (or low-sugar) spike vaccine exhibited 
enhanced binding, neutralization breadth and potency against SARS-CoV-
2 and variants. 
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We also found that vaccination in mice 
with the mRNA of S protein with deletion 
of specific glycosites, especially the N-
glycosites in S2, induced more broadly 
protective antibody and CD8 T-cell 
responses against the variants of concern 
compared to the unmodified mRNA 
vaccine. 
 
Overall, compared to the fully glyco-
sylated S protein, the mono-GlcNAc 
decorated (or low-sugar) S protein vac-
cine generated stronger antibody and 
CD8 T-cell responses to S protein and 
stronger protective activity against 
variants of concern as shown in the 
neutralization and challenge study [13]. 
 
Using the single B cell technology, we 
isolated the splenocytes of mice 
immunized with the low-sugar S vaccine 
and used the fully glycosylated S protein 
to sort B cells for analysis, and we have 
identified several broadly neutral-izing 
antibodies, and one of these anti-bodies 
recognized a conserved region in RBD 

(417-482) with picomolar affinity and 
neutralizing activity. This antibody could 
not be generated from vaccination of the 
fully glycosylated S protein, probably 
due to the shielding of N-glycans, 
especially at N-165. The broadly 
neutralizing antibody identified from 
immunization of mono-GlcNAc décor-
ated S further demonstrated that removal 
of shielded glycans from S protein is an 
effective strategy for development of a 
broadly protective vaccine against 
SARS-CoV-2 and variants. 
 
The development of low-sugar S protein 
as a broadly protective vaccine is based 
on the strategy used in our previous 
development of universal vaccines 
against influenza virus. Like S protein, 
the cell surface hemagglutinin (HA) of 
influenza is also a trimer and each mono-
mer contains 6 N-glycosites. We also 
found that the regions covered by glycans 
are highly conserved. We then treated the 
H5N1 HA protein with endoglycosidase 
H to make low-sugar HA (Figure 8). 

 

 
Figure 8. Development of broadly protective influenza vaccine using 
trimeric hemagglutinin with all 18 N-glycans trimmed down to the mono-
GlcNAc state as immunogen. Such a low-sugar vaccine induced more anti-
bodies, and CD4 (as well as CD8) T-cell responses to the conserved stem 
of hemagglutinin showed improved neutralization in the cell-based assay 
and better protection in the challenge study. 
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Compared to the fully glycosylated HA, 
immunization of the low-sugar HA in 
mice generated stronger antibody and T-
cell responses against H5N1 and subtypes 
with cross reaction against H1N1, as 
shown in the microneutral-ization and 
challenge study. Most recently, we have 
constructed a chimeric HA vaccine with 
a consensus H5 sequence as head and a 
consensus H1 as stem and trim the 
glycans of the chimeric HA to the low-
sugar state. Immunization of this 
chimeric HA vac-cine generated a strong 
immune response against various H1 and 
H5 subtypes, and neutralized H3, H7 and 
H9 subtypes [14]. This chimeric HA 
vaccine is also highly protective against 
various H1N1 and H5N1 subtypes in the 
challenge study. 
 
To further improve the efficacy of 
antibody against influenza virus, we 
modified the glycan of antibody FI6 
which is active against most type A 

influenza viruses. It is known that the 
glycosylation of antibody at Asn-297 will 
affect its binding to Fc receptors on 
immune cells and subsequently the 
effector functions such as antibody-
dependent cellular cytotoxicity (ADCC), 
antibody-dependent cellular phargo-
cytosis (ADCP), complement dependent 
cytotoxicity (CDC) and vaccinal effect. 
We first trim the antibody glycan to 
GlcNAc followed by enzymatic trans-
glycosylation to prepare a series of homo-
geneous antibodies with well-defined 
glycan in Fc and measure their interaction 
with FcgIIIA receptor in vitro with 
biacore assay. This interaction is a 
measure of ADCC and through analysis 
of various homogeneous glycoforms, we 
found that the 2,6-siayl complex-type 
biantennary glycan (SCT) is the best 
glycan for FcgIIIA binding and is also the 
best for ADCC as shown in the cell-based 
and challenge study in mice (Figure 9). 

 

 
Figure 9. Optimization of broadly neutralizing anti-Influenza antibody Fl6 
through glycoengineering of the Fc glycan to SCT to improve the 
cytotoxicity, ADCC and survival rate. 
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So, any therapeutic antibody can be 
optimized through glycoengineering as 
shown here. Recently, we solved the 
structure of the Fc moiety containing the 
SCT glycan, showing that the glycan is 

more attached to the protein to make a 
better interaction with the receptor 
FcgIIIA (Figure 10). 

 

 
Figure 10. (Left) Homogeneous antibody with well-defined Fc-glycan (2,6-
sialyl biantennary glycan) optimized for antibody dependent cellular 
cytotoxicity; (Right) X-ray structure of Fc-SCT showed that SCT is more 
attached to the antibody backbone to facilitate FcgIIIA-receptor binding. 

 
6. Broadly Effective Carbohydrate 
Vaccine and Antibody against Cancer 
 
 
Identifying a non-self protein antigen for 
cancer vaccine development is a real 
challenge; because cancer cells are 
derived from normal cells, it is difficult to 
find such unique proteins, if they exist. 
So, we decided to go after unique glycans 
on the cancer cell surface. The reason is 
that glycans are smaller in size compared 
to proteins and they are assembled by 
multiple enzymes. If the assembly lines 

go wrong, the glycan structure will 
change, and we may have a better chance 
to find cancer-specific glycan structures 
that are not present in normal cells. Since 
cancer cells are usually highly fuco-
sylated and sialylated, we used the 
alkyne-containing glycosylation probes 
to monitor the fucosylation and sialy-
lation process in normal and cancer cells 
(Figure 11, [15]). 
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Figure 11. Identification of cancer cell-specific glycans using glycosylation 
probes of fucose and sialic acid containing an alkyne group. After 
incorporation of the probes into glycoconjugates, the cells are fixed and 
reacted with azido-BODIPY to form a green fluorescent triazole for LC-MS 
analysis to confirm that the globo-series glycans are cancer specific. 

We first feed the cells with a probe to let 
the sugar probe incorporate into 
glycoproteins or glycolipids. We then fix 
the cell and mixed the fixed cell with 
BODIPY-azide for click reaction to form 
the fluorescent triazole adduct, that is 
then separated by gel and the glycan 
structure is determined by LC/MS 
analysis. 

Using these probes, the globo-series 
glycolipids are often identified from 
different kinds of cancer cells, and they 
are absent in normal cells. These 
glycolipids include SSEA3, Globo-H and 
SSEA4, which are originally expressed 
on embryonic stem cells but disappear 
after differentiation. For some reason, 
they show up again in cancer cells. So far, 
we found that at least 15 types of cancer 
have expressed globo-series glycolipids, 
and the key enzyme that drives the 
expression of these glycolipids is a 

galactosyltransferase called B3GalT5, 
which catalyzes the galactosylation of 
Gb4 to SSEA3 and is then converted to 
SSEA4 and Globo-H. Using the pull-
down experiment, we found that CAV1 
and FAK interact with SSEA4 and 
Globo-H, respectively, and then AKT and 
RIP interact with CAV1 and FAK to form 
a complex. Knockdown of B3GALT5 in 
breast cancer cell stopped the synthesis of 
globo-series glycolipids and caused 
dissociation of the protein complex; RIP 
then interacts with FADD and activates 
caspase leading to cell apoptosis. 
However, the knockdown has no effect 
on normal cells. We also found that 
SSEA4 is increasingly expressed in 
tyrosine kinase inhibitor (TKI)-resistant 
non-small cell lung cancer (NSCLC) with 
T790M mutation; without T790M 
mutation, there is no significant change in 
the SSEA4 level. This study suggests that 
the TKI-resistant non-small lung cancer 
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cells with T790M mutation have high ex-
pression of SSEA4 which may be a good 
target for therapeutic development. 

Previous study showed that SSEA4 is a 
good target for antibody therapy against 

pancreatic cancer that has high ex-
pression of SSEA4 [16]. The chimeric 
SSEA4 antibody chMC813-70 was 
engineered to have the SCT glycan or the 
more stable 3FSCT derivative in the Fc 
region to enhance ADCC (Figure 12). 

Figure 12. Homogeneous Anti-SSEA-4 Antibodies with Maximal ADCC Activity 
Through Fc Glycoengineering 

As shown in the cell-based assay, the 
homogeneous antibody is more effective 
than the unmodified antibody against the 
three pancreatic cancer cell lines ex-
pressing different levels of SSEA4, and it 
is more effective against HPAC cells with 
higher expression of SSEA4. The homo-
geneous antibody can also be used to 
isolate a subpopulation of NK cells en-
riched with FcgIIIA receptor for ADCC. 
The isolated NK cells indeed showed 6-
fold more effective than the unseparated 
NK cells in killing the target cells. 

This work demonstrated that the Fc 
glycan of an antibody can be engineered 
to optimize its interaction with a specific 
Fc receptor to improve the corresponding 
specific effector function, and the homo-
geneous antibody can also be used to 
isolate a specific population of immune 
cells enriched with specific Fc receptor 
for cell-based therapy. 

Globo-H was also used to develop cancer 
vaccines through conjugation to KLH or 
DT, and adjuvanted with QS21 or C34. 
The Globo-H/KLH/QS21 vaccine was 
developed by the Danishefsky group and 
synthesized by our method and now is in 
phase 3 global trial for the treatment of 
Globo-H positive triple negative breast 
(TNB) cancer patients. The Globo-
H/DT/C34 vaccine developed by us with 
C34 adjuvant designed to increase IgG 
response is in phase 2 trial for the 
treatment of different cancers with 
Globo-H expression. It is interesting that 
both vaccines can induce immune 
responses to target not only Globo-H, but 
also the other two globo-series glycans, 
namely SSEA3 and SSEA4 [17]. 

To understand why the GH-DT vaccine 
induces immune response against the 
three globo-series glycans, we mixed 
dendritic cells with the vaccine and 
investigated how the vaccine is processed 
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and presented using antibody staining and 
LC-MS analysis. We found that Globo-H 
is first processed by fucosidase 1 in early 
endosome to generate SSEA3, which is 
the common epitope of these three globo-
series glycans. We also found that the 
antigen presentation is mainly through 
MHCII to produce anti-Globo-H anti-
body and anti-SSEA3 antibody that 

cross-reacted with SSEA4. When 
SSEA4-DT was used as a vaccine, the 
glycan was very slowly processed, and 
the antibody generated is mainly specific 
for SSEA4, while in the case of SSEA3-
DT, it was quickly processed to the less 
immunogenic glycans Gb4, Gb3 and Gb2 
to induce a weak and non-specific anti-
body response. 

7. Conclusion

In summary, glycosylation is an import-
ant biological modification for normal 
and disease processes. Understanding the 
role of glycans and the associated glycol-
sylation reaction in biology will facilitate 
the development of better strategies for 

treatment or prevention of diseases 
associated with carbohydrate recognition. 
Over the years, advances in carbohydrate 
chemistry and glycobiology have made 
important contributions to help reach this 
goal. 
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