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SUMMARY
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This review, primarily for general readers, briefly presents experimental approaches to therapeutics
of cancer, HIV/AIDS and various other diseases based on advances in glycobiology and
glycochemistry. Experimental cancer and HIV/AIDS vaccines are being developed in attempts to
overcome weak immunological responses to carbohydrate – rich surface antigens using carriers,
adjuvants and novel carbohydrate antigen constructs. Current carbohydrate – based vaccines are used
for typhus, pneumonia, meningitis and vaccines for anthrax, malaria and leishmaniasis are under
development. The link between O– linked β-N-acetylglucosamine glycosylation and protein
phosphorylation in diseases including diabetes and Alzheimer's disease is also explored.
Carbohydrate – associated drugs that are in current use or under development such as heparan
sulphate binders, lectins, acarbose, aminoglycosides, tamiflu, and heparin, and technologies using
carbohydrate and lectin microarrays, that offer improved diagnostic and drug development
possibilities, are described. Advances in carbohydrate synthesis, analysis, and manipulation through
the emerging fields of glycochemistry and glycobiology, are providing new approaches to disease
therapeutics.
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INTRODUCTION
The cell surface consists of proteins, lipids and carbohydrates. The carbohydrates of
glycoproteins and glycolipids usually reach furthest from the surfaces of cells and therefore
are often involved in initial interactions with other cells and substrates. Thus, carbohydrates
play a key role in cellular interactions ( reviews in Oppenheimer, 2004; 2006,). Until recent
years, little attention has been given to these molecules, primarily because they are so diverse
and so much more difficult to study than, for example, proteins that are directly encoded by
genes. It is only fairly recently that carbohydrates have been given more attention because of
overwhelming evidence that they are extensively involved in human health and disease and
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because of advances that have been made in their synthesis, analysis and manipulation
(Finkelstein, 2007).
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This brief review is not intended to cover the chemistry of carbohydrates. It treats selected
topics on carbohydrate involvement in various human diseases such as cancer and HIV/AIDS
and how approaches based on glycobiology and glycochemistry are providing new avenues
for study. A series of reviews for specialists has been published recently (Finkelstein, 2007) ;
it is highly recommended for those who wish more in–depth coverage, and helped form the
foundation for this review for general readers. The term therapeutics is used here in its broad
sense as the application of remedies to diseases whether they be vaccines or treatment
modalities. Histochemistry has been widely used to identify many of the carbohydrate antigens
described in the review.

CANCER
Certain carbohydrates on cancer cell surfaces offer an approach for prevention and treatment
(Feize, 1985; Galonic and Gin, 2007). Many attempts have been made to develop vaccines and
cancer treatment strategies based on differences between cancer and non-cancer cell surface
carbohydrates (Slovin et al. 2005).
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CANCER VACCINES
Some carbohydrate – containing tumor associated cell surface antigens include TN, T and sialyl
TN (STN)5 (glycoproteins with N-acetylgalactosamine core oligosaccharide), GM2, Globo –
H, GD2, GD3 (glycolipids, where the carbohydrate is bound to the cell surface via a lipid link)
(Slovin et al., 2005; Galonic and Gin, 2007). These antigens have been used in attempts to
produce cancer vaccines, but generally have been found to induce only weak immune responses
(Galonic and Gin, 2007). However, when some of these antigens were conjugated to a carrier
such as keyhole limpet haemocyanin (KLH), a more powerful immune response was induced
(Helling et al., 1994). Immunological adjuvants such as QS – 21A (a plant – derived complex
saponin from the tree Quillaja saponaria molina) have also been used in combination with
carbohydrate antigens and potentiators to improve immune responses (Helling et al., 1995).
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Some carbohydrate antigen – based vaccines are now in development or in clinical trials
(Ragupathi, et al., 2003; Slovin et al., 2003; Ragupathi et al., 2005; Livingston and Ragupathi,
2006) and some early results look promising. For example, melanoma patients exhibited a
consistent antibody response against ganglioside GD2 using a GD2 lactone-keyhole limpet
hemocyanin conjugate vaccine plus immunological adjuvant QS-21 (Ragupathi, et al., 2003).
One of the major problems in using carbohydrate antigens, potentiators and adjuvants in the
development of anti-cancer vaccines has been inability to isolate sufficient quantities of some
of these homogeneous compounds. Major developments have occurred in glycochemistry
technologies that allow for the synthesis of tumor associated carbohydrate antigens,
potentiators and adjuvants. The cell surface glycosphingolipid Globo – H, sialyated
gangliosides such as GM2, GD2 and GD3 and mucin associated glycans, are tumor associated
antigens that have been synthesized, making sufficient quantity available for the development
of cancer vaccines (Ouerfelli et al., 2005). Clustered carbohydrate antigen displays have also
been synthesized by constructing amino acid carbohydrate units that are typically present on
cancer cell surfaces. Some of these peptide – antigen conjugates that have been prepared
include TN antigen constructs, STN antigen glycopeptides and 2,3- and 2, 6- ST conjugates
(Elofsson et al., 1997; Satz and Kunz, 1995, Galonic and Gin, 2007). The synthesis of QS-21A
adjuvant mentioned earlier has also been successfully accomplished (Kim, et al., 2006).
Advances in glycochemisty and glycobiology are not only producing sufficient quantities of
tumor antigens and adjuvants but are also leading to the development of novel carbohydrates
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antigen constructs and displays that may be better immunogens than naturally occurring
displays (Galonic and Gin, 2007).
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CANCER TREATMENT APPROACHES
Heparan sulphate proteoglycans are present on the surfaces of animal cells and in extracellular
matrices and play important roles in many aspects of animal physiology (Bishop et al., 2007).
These molecules consist of core protein and heparan sulphate glycosaminoglycan. The latter
is composed of linear polysaccharides with alternating N – acetlyated or N – sulphated
glucosamine units and uronic acids. In cancer, heparan sulphate proteoglycans allow primary
tumor growth and angiogenesis through growth-factor-dependent signaling (Fuster and Esko,
2005, Bishop et al., 2007). It might be possible to target tumor cells by developing agents that
bind heparan sulphate or influence its synthesis.
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Lectins that are carbohydrate binding proteins, have been tested for their toxicity towards a
variety of cancer cells (Valentiner et al., 2003; Heinrich et al., 2005; Welty et al., 2006) and
may be useful as anti-cancer drugs. For example, different lectins exerted different effects at
specific concentrations on various breast cancer cell lines (Valentiner et al., 2003). The results
suggested that certain dietary lectins can inhibit growth of breast cancer cells (Valentiner et
al., 2003). Mistletoe lectin has been used directly as an anti – cancer drug in complementary
therapy programs and Fritz et al. (2004) have found that this lectin binds to breast cancer cells .
But no studies, so far, have provided reliable evidence that this lectin or any other lectin , has
been successfully used clinically as an effective anti-cancer drug. Some lectins have been used
as carrier molecules that can be conjugated to chemotherapy drugs (Minko, 2004; Bies et al.,
2004; Mody et al., 1995). For example, the reported studies showed that lectins could
differentially bind to diseased colon and could be potentially used to specifically deliver anticancer agents directly to the site of the disease. But, as yet, no lectin-coupled anti-cancer agent
is being widely used clinically. As some lectins are mitogenic, they might be coupled with anti
– cancer drugs to synergistically potentiate drug effectiveness (Petrossian et al., 2007). In
addition to studying human cancers, work with simple model systems, such as the U.S. National
Institutes of Health designated sea urchin embryo model, can uncover principles of
carbohydrate-associated cellular interactions that are more difficult to study in complex human
systems (Khurrum et al., 2004; Latham et al., 1995a; 1995b; 1998, 1999; Coyle – Thompson
et al., 2005; Sajadi et al., 2007).

HIV/AIDS
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One of the main reasons for difficulties in producing a vaccine against HIV/AIDS is that the
virus surface is covered with coatings of carbohydrates that mask underlying viral antigens
that might be good targets in the production of vaccines (Scanlan et al., 2007). The glycans on
the viral surface are produced by the host cell making the virus appear as “self” and therefore
not attacked by the host immune system. Much of the viral coat carbohydrates are rich in
mannose residues (Scanlan et al., 2007). A possible target for prevention of HIV infection is
the fact that the sugars in the HIV coat are unusually dense and loaded with terminal mannose
groups (see Figure 1). Lectins such as cyanovirin, isolated from bacteria, preferentially bind
to α 1-2 linked mannose residues. Such lectins are being investigated as possible therapeutic
tools (Tsai et al., 2004). But it is well-known that lectins are often toxic, may be considered as
foreign by the host immune system, and they may bind to host carbohydrates damaging host
cells.
One antibody isolated from HIV infected individuals binds effectively to the virus envelope,
mannosylated glycoprotein gp 120. This antibody, IgG1 2G12 binds to Mannose α 1-2
Mannose residues of gp120 in the mannose6-9 N-acetylglucosamine2 glycans (Scanlan et al.,
2002, Scanlan et al., 2007). The antibody appears to recognize these glycans because although
Acta Histochem. Author manuscript; available in PMC 2009 January 1.

Oppenheimer et al.

Page 4

NIH-PA Author Manuscript

they are host sugars, they are clustered in a non-self manner (Scanlan et al., 2002; Scanlan et
al., 2007). Recall that antibodies are being developed against self glycolipids and glycoproteins
(such as GM2, GM3 Globo-H, TN, sialyl-TN (STN), and sialyl – lewis A) that are presented
as clusters in cancer cells, in attempts to produce effective anti-cancer vaccines (Galonic and
Gin, 2007). We also described studies using immune enhancing adjuvants ,carrier peptides
such as keyhole limpet hemocyanin and altered glycan structure constructs that enhance
immune recognition in cancer vaccine development (Galonic and Gin, 2007). These same
strategies are being used in development of possible HIV vaccines. It has been clearly shown
that these sorts of strategies can result in antibodies against self carbohydrates that are arranged
slightly differently on cancer cells and HIV (Galonic and Gin, 2007). We also described studies
using immune response-enhancing adjuvants , carrier peptides such as keyhole limpet
hemocyanin and altered glycan structure constructs that enhance immune recognition in cancer
vaccine development (Galonic and Gin, 2007). These same strategies are being used in
development of possible HIV vaccines. It has been clearly shown that these sorts of strategies
can result in development of antibodies against self-carbohydrates that are arranged slightly
differently on cancer cells and HIV-infected cells in comparison to normal cells (Galonic and
Gin, 2007). These approaches have not as yet led to clinically effective vaccines, but it is clear
that antibodies that strongly bind to carbohydrate antigens on, for example, prostate cancer
cells, have been generated (Slovin et al., 2003) and this appears to be a highly promising
approach..
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A variety of drugs inhibit synthesis of carbohydrates (Scanlan et al., 2007). At concentrations
needed for antiviral activity, however, they are often quite toxic. N-butyldeoxynorjirimycin
(NB-DNU) is one such drug that causes structural alterations in gp120 in viral envelopes that
can prevent binding to host cells membranes (Fischer et al., 1995; Fischl et al., 1994). Further
exploration of this group of drugs is another approach to HIV infection that is based on the
rich carbohydrate coat of the virus. Strategies based on glycobiology and glycochemisty are
providing new approaches that may lead to improved prevention and treatment modalities in
cancer and HIV/AIDS.

DIABETES AND ALZHEIMER'S DISEASE
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Altered glycosylation of proteins by o-linked β-N-acetylglucosamine is associated with
diabetes and neurodegeneration (Hart et al., 2007). Nutrient excess and/or stress can cause such
altered glycosylation of proteins. This glycosylation is associated with glucose toxicity and
appears to be involved with insulin resistance in diabetes (Hart et al., 2007). Such altered
glycosylation is associated with diabetes, vascular disease, erectile disfunction, retinopathy,
glomerular sclerosis, cardiomyopathy and Alzheimer's disease (Hart et al., 2007). In the case
of Alzheimer's disease, such glycosylation is reduced in brain tissue. Such reduced
glycosylation appears to alter neuronal function possibly by resulting in hyperphosphorylation
of specific proteins such as tau. Hyperphosphorylation of tau appears to cause tau to aggregate
resulting in neurofibril tangles that are characteristic of Alzheimer's disease (Liu et al., 2004).
More than 500 proteins have been shown to be N-acetylglucosamine glycosylated (Love and
Hanover, 2005; Zachara and Hart, 2006). These proteins are involved in nearly all aspects of
cellular function. Both hyperglycosylation and hypoglycosylation have been associated with
diseased states. Only a few highlights of the role of N-acetylglucosamine glycosylation have
been summarized here. A better understanding of how altered glycosylation leads to insulin
resistance, glucose toxicity, altered transcription and signalling could lead to new approaches
in the treatment and diagnosis of diabetes and other diseases. In summary hypoglycosylation
leaves certain key proteins subject to hyperphosphorylation that can cause diseased states. On
the other hand, hyperglycosylation of proteins can also lead to diseased states. Alzheimer's
disease is an example of the former, while diabetes and diabetic pathologies are examples of
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the latter. Drugs may be developed that can alter such glycosylation and therefore affect
phosphorylation of proteins that may be involved in these diseases (Marx, 2007). Drugs that
are effective in treating diabetes or Alzheimer's disease, based on these principles have not yet
been developed, but the glycosylation/phosphorylation relationship associated with these
diseases is an exciting avenue for further study. This is illustrated in Figure 2.

OTHER CONDITIONS
Mutated genes coding for proteoglycans (such as heparan sulphate proteoglycan) have
implicated these carbohydrate – rich molecules in many conditions including:
hyperglyceridaemia, impared hippocampal function, cerebral hypoplasia, neural – tube closure
defects, eye and lens defects, defective neuromuscular junction and synapse formation,
cartilage defects, rib malformations, craniofacial defects, altered ossification, short body
length, postaxial polydactyly, poorly organized epidermis, impaired wound healing, impaired
fetal vessels in placenta, enhanced infection, and virulence by Pseudomonas aeruginosa,
defective secretory granules in mast cells, mast cell deficiency, and lung inflammation (Bishop
et al., 2007).
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Vaccines made from the carbohydrate – rich coats of various pathogenic bacteria have been
widely used to control infections by: Salmonella typhi, Streptococcus pneumoniae, Neisseria
meningitides, Haemophilus influenza type b (Seeberger and Werz., 2007). Carbohydrate
vaccines are being developed against Bacillus anthracis ,the anthrax causing pathogen
(Seeberger and Werz, 2007). Malaria, caused by the protozoan Plasmodium falciparum, kills
over 2 million people each year. Carbohydrate vaccines using Plasmodium surface glycolipids
are under development. Leishmaniasis also caused by a protozoan parasite Leishmania, affects
millions of people each year worldwide. Vaccines using synthetic versions of surface
phosphoglycolipid antigens are being developed (Seeberger and Werz, 2007). In the case of
Leismaniasis, for example, cell surface oligosaccharide was synthesized and coupled to a viral
particle to improve the immune response. These vaccines were able to specifically recognize
Leishmania infected livers (Seeberger and Werz, 2007).

MICROARRAYS
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Carbohydrate and lectin microarrays have been constructed by attaching glycans or lectins to
glass slides or other substrates (Seeberger and Werz, 2007). Whole cells or proteins or
antibodies that are labeled with fluorescent or other types of tags are then incubated with the
glycan or lectin microarray. In this way the glycans or lectins to which the labeled cell, protein
or antibody binds are rapidly identified, illustrated in Figure 3. Carbohydrate and lectin
microarrays are being used for diagnostic purposes to, for example, identify specific bacteria
in blood (Disney and Seeberger, 2004). Microarrays are also being used to identify the
carbohydrate binding preference of human pathogens in the development of carbohydratebased drugs (Seeberger and Werz, 2007). Carbohydrate microarrays are being used to screen
human sera for antibodies against malaria toxin glycoslyphosphatidylinositol (GPI) anchor and
for correlating the presence of specific antibodies with resistance to malaria (Schofield et al.,
2002). Serological markers have been identified for Crohn's disease using microarrays (Dotan
et al., 2006). In addition to microarrays, carbohydrate and lectin derivatized microbeads have
been used as model systems for development of carbohydrate-based drugs and diagnostic tests
(Zem et al., 2006).

CARBOHYDRATE – BASED DRUGS
Various carbohydrate-based drugs and diagnostics are currently in use (Seeberger and Werz,
2007). Tamiflu (oseltamivir phosphate) is a monosaccharide-based drug that is used for treating
influenza (De Clercq, 2006). It is believed to work by inhibiting viral neuraminidase that alters
Acta Histochem. Author manuscript; available in PMC 2009 January 1.
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virus particle aggregation and release. Aminoglycosides are used to treat various infections by
gram negative bacteria, as they inhibit protein synthesis by binding to bacterial ribosomes
(Weizman and Thor, 2003). Heparin, consisting of a mixture of polysaccharides, has been used
for decades as an anti-clotting agent (Capila and Linhardt, 2002). Anticoagulants have been
used experimentally in reducing clots that may facilitate cancer cell spread (Lemoine, 2005;
Varki 2002; Borsig et al., 2001). Acarbose is a glycosidase inhibitor that is used to treat type-2diabetes by regulating carbohydrate digestion, intestinal absorption and carbohydrate
metabolism (Truscheit et al., 1981). It has been shown to cause a significant decrease in plasma
glucose in patients with non-insulin dependent diabetes (Chiasson et al., 1994).
Recent advances in glycochemistry have facilitated the synthesis of many carbohydrate
constructs that should substantially enhance the development of effective carbohydrate-based
vaccines and drugs. Microarray technology is also leading to advances in the diagnosis of
human diseases and in the development of carbohydrate based therapeutic agents. Some of the
highlights of this review are summarized in Table 1.
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Figure 1.

HIV surrounded by mannose-rich carbohydrate.
Not intended to be structurally accurate. The figure is intended to show that therapeutic
approaches to this disease must contend with a carbohydrate coat consisting of host glycans.
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Figure 2.

A.Glycosylation (G) versus B. phosphorylation (P) that can occur on some serine (S) and
threonine (T) residues of the proteins.
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Figure 3.

Carbohydrate microarray. Protein, cell or antibody ( X ) coupled to a label ( W ) is incubated
with the carbohydrate microarray that contains sugars ( A-H ) covalently attached ( Y ) to a
glass slide or other substrate ( Z ) to determine to which sugar(s) the labeled entity binds.
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Table 1

Some Carbohydrate-Based Experimental and Currently Used Therapeutics
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CANCER
Vaccines (Galonic and Gin, 2007)
Enhanced immune response to carbohydrate-containing tumor-associated antigens using:
Carriers (e.g., keyhole limpet hemocyanin)
Adjuvants (e.g., QS-21A)
Novel carbohydrate antigen constructs (e.g. TN antigen constructs, STN antigen glycopeptide, 2,3 – and 2,6 – ST conjugates)
PotentialTreatments (Bishop et al., 2007)
Heparan sulphate binders and synthesis alteration agents may block tumor growth and angiogenesis; lectins that
inhibit cancer cell growth (e.g. mistletoe lectin) or serve as carriers for anticancer drugs.
HIV/AIDS
Vaccines (Scanlan et al., 2007)
IgG1 2G12 antibodies that bind to clustered mannose alpha 1-2 mannose residues of gp120 in HIV envelope;
adjuvants, carriers and altered glycan constructs as used in cancer vaccine development
Potential Treatments (Scanlan et al., 2007)
Lectins (e.g. cyanovirin that binds alpha 1-2 linked mannose residues); carbohydrate synthesis inhibitors (e.g.,
N-butyldeoxynorjirimycin, NB-DNJ)
DIABETES AND ALZHEIMER'S DISEASE
(Seeberger and Werz, 2007)
Acarbose, a glycosidase inhibitor that regulates carbohydrate digestion, intestinal absorption and carbohydrate
metabolism, currently in-use for diabetes treatment
(Hart et al., 2007)
Protein glycosylation by o-linked beta-N-acetylglucosamine alters phosphorylation of protein associated with
diabetes and Alzheimer's disease (tau protein). Protein glycosylation and phosphorylation could be targets for
drug design.
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VARIOUS INFECTIOUS DISEASES AND OTHER CONDITIONS
(Seeberger and Werz, 2007)
Salmonella typhi- Typhus. Vaccine made from coat carbohydrates
Sreptococcus pneumoniae- Pneumonia. Vaccine made from coat carbohydrates
Neisseria meningitidis- Bacterial Meningitis. Vaccine made from coat carbohydrates
Haemophilus influenza type b- Influenza, Vaccine made from coat carbohydrates
Bacillus anthracis- Anthrax, Vaccine under development
Plasmodium falciparum- Malaria. Vaccines using surface glycolipid under development
Leishmania- Leishmaniasis. Vaccines using synthetic version of surface phosphoglycolipid antigens under
development
Influenza- Tamiflu (oseltamivir phosphate), a monosaccharide based drug currently in-use
Infections, gram-negative bacteria. Aminoglycosides, protein synthesis inhibitors that bind to bacterial
ribosomes, currently in-use
Diseases involving blood clotting, Heparin, an anti-clotting agent, is a mixture of polysaccharides, in-use for
decades
References are comprehensive reviews that include many scores of individual references for each category listed.

NIH-PA Author Manuscript
Acta Histochem. Author manuscript; available in PMC 2009 January 1.

