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THE SWEET AND SOUR OF
CANCER: GLYCANS AS NOVEL
THERAPEUTIC TARGETS
Mark M. Fuster* and Jeffrey D. Esko‡
Abstract | A growing body of evidence supports crucial roles for glycans at various
pathophysiological steps of tumour progression. Glycans regulate tumour proliferation,
invasion, haematogenous metastasis and angiogenesis, and increased understanding of these
roles sets the stage for developing pharmaceutical agents that target these molecules. Such
novel agents might be used alone or in combination with operative and/or chemoradiation
strategies for treating cancer.

GLYCOCONJUGATE

A molecule in which one or
more glycan units are covalently
linked to a non-carbohydrate
entity.
NLINKED GLYCANS

Glycans covalently linked to an
asparagine residue of a
polypeptide chain in the
consensus sequence
–Asn–X–Ser/Thr.
GLYCOPROTEIN

A protein with one or more
covalently bound glycans.
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Several glycans, on both the tumour surface and host
elements, have now been identified as mediating key
pathophysiological events during the various steps of
tumour progression. Tumour progression involves a
range of unique alterations in intracellular and intercellular signalling. These serve to promote dysregulation of the cell cycle and facilitate proliferation; to
promote the emergence of a subset of invasive cells
that dissociate from the tumour and digest and migrate
through host extracellular matrix (ECM) and basement membranes; to summon an endothelial-lined
neovascular network from nearby host endothelial
cells (angiogenesis); to endow disseminating tumour
cells with cell-surface characteristics that promote
adhesive interactions with platelets, leukocytes and
blood or lymphatic vascular endothelial cells; and to
facilitate the evasion of innate immunity. Ultimately, a
‘survivor’ subset of cells must invade, neovascularize,
disseminate, extravasate and proliferate at a new tissue
location to become a pathological metastasis.
Glycans are covalent assemblies of sugars (oligosaccharides and polysaccharides) that exist in either free
form or in covalent complexes with proteins or lipids
GLYCOCONJUGATES. There are several main families of
glycoconjugates: the Asn-linked NLINKED oligosaccharides of many GLYCOPROTEINS; the Ser- or Thr-linked
OLINKED oligosaccharides that are present on many
glycoproteins and that predominate on secreted and
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membrane bound MUCINS; the glycosaminoglycans,
which are glycans present as free polysaccharides
(such as hyaluronan) or as part of PROTEOGLYCANS (such
as heparan sulphate and chondroitin sulphate); the
glycosphingolipids, which consist of oligosaccharides
glycosidically linked to ceramide; the glycosylphosphatidylinositol (GPI)-linked proteins, which are
proteins that bear a glycan chain linked to phosphatidylinositol; and nuclear and cytoplasmic proteins,
which bear the monosaccharide O-linked N-acetylglucosamine (O-GlcNAc) linked to serine, often at sites
that are normally phosphorylated1 (FIG. 1). Most classes
of glycan exist as membrane-bound glycoconjugates
(for example, in the GLYCOCALYX) or as secreted molecules, which can become integral parts of the ECM.
These locations place glycans in a position to mediate cell adhesion and motility, as well as intracellular
signalling events2.
In the tumour environment, changes in glycosylation
allow neoplastic cells to usurp many of the events that
occur in development (for example, receptor activation,
cell adhesion and cell motility), which allows tumour
cells to invade and spread throughout the organism3.
Malignant transformation is often accompanied by
the expression of oncofetal antigens — epitopes that
are expressed on embryonic tissues and tumour cells,
and only in a few cell types in the adult. Many of the
first-identified tumour-specific antibodies were directed
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Summary
• Tumours aberrantly express various glycans. Glycans regulate many different
aspects of tumour progression, including proliferation, invasion, angiogenesis
and metastasis.
• The proliferation of tumour cells is potentiated by the ability of glycoproteins and
glycosphingolipids to directly activate growth-factor receptor tyrosine kinases and
by the ability of proteoglycans to function as co-receptors for soluble tumour
growth factors.
• The overexpression of specific glycosyltransferases by tumour cells promotes the
formation of tumour glycans that facilitate invasion.
• Carcinomas commonly overexpress O-linked glycans in the form of cell-surface
and secreted mucins that present ligands for adhesion receptors, such as the
selectins, which promote the ability of tumour cells to interact with host platelets,
leukocytes and endothelial cells. These interactions facilitate haematogenous
metastasis of tumour cells.
• Glycosphingolipids, in the form of gangliosides, are overexpressed by a range of
tumours, and their shedding into the bloodstream might impair host immunity to
some tumours.
• During tumour proliferation and invasion, heparan-sulphate proteoglycans
(HSPGs) that are present on the surface of tumour cells function as co-receptors to
stabilize growth-factor receptor signalling complexes. Secreted HSPGs that are
present in the extracellular matrix store growth factors that can be mobilized by the
action of tumour heparanases. A similar mechanism that involves endothelialassociated HSPGs and endothelial growth factors facilitates vascular sprouting
during tumour angiogenesis.
• Some glycans can be measured in the bloodstream, and their use as markers of
disease burden can be used to screen for specific cancers as well as track response
to therapy.
• Experiments in which glycan function is genetically altered in cell-culture systems
or mouse tumour models validate their potential as targets for anticancer therapy.
• A few glycan-based targeting strategies are currently being tested in clinical trials.
As we learn more about the roles of glycans in tumour progression, new targets will
continue to emerge for drug design.

OLINKED GLYCANS

Glycans glycosidically linked to
the hydroxyl group of the
amino acids serine, threonine,
tyrosine or hydroxylysine.
MUCINS

Large glycoproteins with a high
content of serine, threonine and
proline residues, and numerous
O-linked glycans, often
occurring in clusters on the
polypeptide. Tumour mucins
are often decorated by unique
small glycans such as Tn
(O-linked GalNAc) or sialyl Tn
antigens (sialic acid-capped
O-linked GalNAc).

against carbohydrate oncofetal antigens presented on
tumour glycoproteins and glycosphingolipids3,4. In
some cases, the underexpression, truncation or altered
branching patterns of certain glycans correlate with cell
growth. Similar alterations on tumours endow them
with enhanced proliferative capacity, which could reflect
the outcome of ‘Darwinian selection’ of rapidly growing cells that can endure survival pressures imposed by
the host. A massive potential for glycan diversity exists,
but a relatively limited array of glycans correlates with
invasion and metastatic potential across a wide range
of tumours.
Initial insight into the unique repertoire of glycans expressed on tumour cells emerged from the
increased ability of tumours to bind a range of plant
5
LECTINS . Lectins exhibit protein folds that define
families of carbohydrate-binding proteins that can
bind in a specific ‘lock-and-key’ fashion6. Various
endogenous animal lectins also exist, and these facilitate fundamental processes such as quality control
of secreted proteins, cell–cell recognition, cell adhesion and motility, and pathogen–host recognition.
Many lectins exist on the surface of immune cells and
endothelial cells that line the vasculature, as ECM
proteins and as soluble adhesion molecules such
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as mannose-binding proteins or galactose-binding
lectins (galectins), and many of these can associate
with tumour-cell-associated glycans. The interactions of lectins with tumour-cell glycans facilitate all
aspects of tumour progression.
This article will mainly focus on examples in which
genetic or pharmacological data confirm a correlation
between a specific pattern of glycan expression and
tumour progression. We have organized this review
according to the main stages of tumour progression:
proliferation, invasion, angiogenesis, metastasis and
immunity (FIG. 2). We refer readers interested in more
details to several excellent reviews on specific glycan
classes and cancer3,7–13.
Proliferation of tumour cells

Tumour cells arise from mutations in proto-oncogenes
and tumour suppressors that normally control the cell
cycle and affect DNA repair14. Tumours often express
a unique repertoire of glycans. These changes might
reflect selection of cell clones that have distinct glycan
compositions, but correlating these changes to proliferation itself has been difficult. Nevertheless, a few
examples illustrate how alterations in protein or lipid
glycosylation can stimulate cell growth TABLE 1.
Effects on tumour growth-factor receptors. N-linked
glycans have important roles in protein folding, quality
control and half-life; cell–cell recognition and adhesion; and signalling15 (FIG. 1). Because N-glycosylation
of glycoproteins is so prevalent, the changes in
N-glycan biosynthesis can have pleiotropic effects on
many systems, making it difficult to correlate tumour
growth with a change in glycosylation of a specific
protein. For example, N-glycosylation of the insulinlike growth factor 1 receptor (IGF1R) is required for
IGF1R phosphorylation, cell-surface translocation,
and the subsequent growth and survival of melanoma
and sarcoma cells16. Treating cells with N-glycosylation
inhibitors in vitro can inhibit the survival of tumours
that depend on signalling by IGF1R.
Extensive literature exists about the roles of O-linked
glycans and mucins in proliferation (FIG. 1). Mucins are
glycoproteins that contain numerous O-glycans in clustered domains along the core protein. The MUC gene
superfamily (reviewed in REF. 12) is a family of mucin
core proteins that are expressed in a tissue-specific
manner and serve as markers for epithelial cells. Most
carcinomas express mucins, either as transmembrane
proteins on the cell surface or as secreted proteins.
MUC expression often goes awry in the tumour. For
example, mammary tumours overexpress MUC4 on
the cell surface17, whereas it is not expressed on the
normal mammary epithelium. MUC4 contains an epidermal growth factor (EGF)-like motif on its extracellular (juxtamembrane) domain that directly interacts
with ERBB2 (a member of the EGFRECEPTOR FAMILY),
initiating phosphorylation of the receptor tyrosine
kinase in the absence of more typical ERBB ligands
(such as EGF)12. ERBB2 is frequently overexpressed (or
mutated to the activated state) in breast carcinomas.
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PROTEOGLYCAN

A protein with one or more
covalently attached
glycosaminoglycan chains, such
as heparan sulphate or
chondroitin sulphate (and
dermatan sulphate). In the
tumour environment, a range of
heparan-sulphate proteoglycans
expressed by both tumour cells
as well as endothelial cells affect
growth-factor signalling.
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GLYCOCALYX

The cell-coat structure
consisting of glycans and
glycoconjugates surrounding
animal cells. This is seen as an
electron-dense layer by electron
microscopy.
LECTIN

A protein (other than an anticarbohydrate antibody) that
specifically recognizes and
binds to glycans without
catalysing a modification of the
glycan.
EGFRECEPTOR FAMILY

Epidermal growth factor
receptors have important roles
in initiating the signalling that
directs the behaviour of
epithelial cells and tumours of
epithelial origin. The four
members of the family are also
known as ERBB receptor
tyrosine kinases (ERBB1–4),
and share structural and
functional similarities.
GANGLIOSIDES

Anionic glycosphingolipids
containing one or more residues
of sialic acid.
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Figure 1 | Important glycans involved in tumour progression. Unique glycans are involved in promoting the progression of
various carcinomas. a | N-linked glycans on glycoproteins are covalently bound to Asn residues. Typical branched structures
contain two or more ‘antennae’. The enzyme N-acetylglucosaninyltransferase V (GnTV) generates a specific antenna on some
glycoproteins and has been implicated in tumour invasion. b | O-linked glycans are found covalently linked to Ser or Thr
residues on glycoproteins and mucins. SLeX/A (sialyl Lewis X or A) are carbohydrate determinants composed of four sugars in
specific linkage to one another, and are commonly overexpressed on tumour-cell mucins. The determinant forms part of a
ligand for the selectin class of adhesion receptors involved in tumour-cell aggregation with leukocytes and platelets, and
adhesion of tumour cells to endothelial cells. Tn and STn are tumour antigens that consist of truncated O-linked chains. Their
accumulation in many tumours correlates with invasion. c | Glycosphingolipids consist of the lipid ceramide linked to one or
more sugars. Certain sialic-acid-containing glycosphingolipids, called gangliosides (for example, GM1, GM3, GD2 and GD3),
have been correlated with tumour growth. d | Glycosylphosphatidylinositol (GPI)-linked proteins are anchored in the outer
leaflet of the plasma membrane by a glycan covalently linked to phosphatidylinositol. Glycosaminoglycans can occur as free
chains (hyaluronan; e) or as covalent complexes with proteoglycan core proteins (heparan sulphate, chondroitin sulphate and
dermatan sulphate, a type of chondroitin-sulphate-containing iduronic acid (IdoA)). f | Proteoglycans participate in growthfactor activation and cell adhesion. g | Various cytoplasmic and nuclear proteins contain O-linked N-acetylglucosamine
(O-GlcNAc). Some glycoconjugates can be tethered to the plasma membrane as depicted or secreted into the extracellular
matrix. In some cases, hybrid molecules exist, containing more than one type of glycan. Sugars are represented by coloured
geometric symbols. Glc, glucose; Gal, galactose; Man, mannose; GlcNAc, N-acetylglucosamine; GalNAc,
N-acetylgalactosamine; GlcA, glucuronic acid; Fuc, fucose; Xyl, xylose; Sia, sialic acid.

Recent experiments show that the overexpression
of MUC4 in melanoma cells induces rapid cellular
growth and the suppression of tumour apoptosis in
human melanoma-bearing nude mice18. Furthermore,
MUC4-overexpressing cells can autophosphorylate
ERBB2, which contributes to inhibition of apoptosis18.
The specific role of O-glycosylation in this process
is unknown. The glycan moiety might affect MUC4
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protein folding or exposure of the EGF-like domains
on the MUC4 backbone in a manner that promotes
interaction with ERBB2.
Many tumours overexpress glycosphingolipids, especially GANGLIOSIDES, which are ‘capped’ with
sialic acid (a negatively charged acidic sugar) on the
outermost tip of the glycan (FIG. 1). In normal cells,
gangliosides are often associated with various receptor
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Figure 2 | Stages of tumour progression. Tumour proliferation (a) is crucial at early stages of
progression. b | During invasion, tumour cells gain the capacity to degrade, and migrate
through, basement membranes and extracellular matrix. c | During the dissemination of tumour
cells through the bloodstream, they aggregate with host cells such as platelets and
lymphocytes and eventually lodge in the small vessels of distant organs. d | Tumour
angiogenesis is required for pathological growth of the primary cancer and its metastases.
Glycans have roles in each of these stages of tumour progression. See FIG. 3 for more details.

LIPID RAFTS

Microdomains in the plasma
membrane that are enriched in
sphingolipids, cholesterol and
GPI-linked proteins. They
function as signalling platforms
through their ability to
concentrate signalling proteins,
resulting in increased output
from receptors that require
cross-activating interactions and
increasing local concentrations
of other downstream signalling
components.

tyrosine kinases (such as EGF or insulin receptors) and
modulate their phosphorylation. Evidence indicates
that the interaction between gangliosides and receptor
tyrosine kinases serves important growth-promoting functions. For example, the gangliosides GM3 or
GD3 — which are commonly overexpressed in lung
cancers, melanomas and neurogenic tumours — are
able to regulate growth signalling through interactions
with membrane-associated receptor tyrosine kinases
or protein kinase C3,8,19. At a higher level of molecular organization, gangliosides on breast cancer cell
membranes regulate the formation of EGF receptor
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complexes in LIPID RAFTS (FIG. 3). In particular, the ganglioside GM1 is necessary for ERBB2 and ERBB3 receptors to form growth-factor-responsive heterodimers
on lipid rafts20, thereby facilitating ERBB signalling.
The ERBB receptors provide an example in which the
surrounding milieu of glycans (in this case glycosphingolipids) and a specific protein–glycoprotein (in this
case MUC4) interaction can modulate the function of
a crucial growth receptor.
Glycans as co-receptors for soluble tumour growth factors. Proteoglycans contain a core protein and one or
more covalently attached glycosaminoglycan (GAG)
side chains (FIG. 1). Unlike N- or O-linked glycans,
GAGs are composed of repeating disaccharide units
that are composed of an amino sugar (GlcNAc in
heparan sulphate or GalNAc in chondroitin sulphate;
see FIG. 1) linked to a uronic acid (GlcA or IdoA).
Negatively charged sulphate groups at discrete positions along heparan-sulphate chains facilitate interactions with basic amino-acid residues on a range of
protein ligands involved in cell–matrix interactions
(for example, laminin, fibronectin and thrombospondin), inflammation (for example, the P and L SELECTINS)
and growth (for example, the fibroblast growth factors
(FGFs), vascular endothelial growth factor (VEGF),
transforming growth factor-β (TGFβ) and interleukin8 (IL-8))21–23. GAGs are able to facilitate the formation
of ligand–receptor complexes, lowering the effective
concentration of ligand required for receptor activation. In this way, GAGs act as ‘co-receptors’. GAGs also
facilitate the storage of ligands for future mobilization
and the protection of ligands from degradation21,22.
These functions are usurped in the tumour environment, allowing tumour-released growth factors to
exert autocrine effects as well as paracrine effects on
surrounding host cells, such as endothelial cells that
also bear growth-factor receptors.
The proliferation of tumour cells depends on
heparan-sulphate proteoglycans (HSPGs). For example, glypican-1 (a GPI-anchored HSPG; FIG. 1) is overproduced by pancreatic cancer cells, and mediates
mitogenic responses by tumour cells to basic fibroblast
growth factor (FGF2) and heparin-binding EGF-like
growth factor (HB-EGF) by facilitating the formation of
ligand–receptor complexes24. This interaction occurs at
specific sulphate-modified domains along cell-surface
heparan-sulphate chains22. In pancreatic, breast, ovarian and hepatocellular cancers, tumour cells regulate
genes that modulate sulfation of cell-surface HSPGs
in a manner that increases their binding capacity for
growth-factors and the activation of receptor tyrosine
kinases25. Other examples are provided in TABLE 2.
In some cells, HSPGs can have the opposite
effect, acting as tumour suppressors. For example,
in Simpson–Golabi–Behmel syndrome, deletions or
point mutations within the glypican-3 gene cause a
congenital overgrowth syndrome, and patients have
an increased risk of developing certain malignancies26.
It is unclear how glypican-3 modulates growth, but
it appears to modify epithelial responses to growth
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Table 1 | Examples of glycan families involved in tumour progression
Glycan involved

Proposed major function(s)

Possible therapeutic targeting

Examples of
neoplasms

References

N-glycans

Suppress apoptosis; growth-factor
signalling

Alkaloid inhibitors of N-linked
processing

Breast, melanoma,
Ewing’s sarcoma

O-glycans

Mucin (MUC4)-mediated activation of
ERBB2 receptors

Immunotherapy targeting MUC4
(similar to other mucin-targeting
immunotherapy)

Breast

O-glycans

Suppress apoptosis (possibly through Galectin-3 inhibitors (β-galactosides)
galectin-3 binding to tumour Oglycans expressing terminal galactose)

Colon, pancreatic

Glycosphingolipids

Control of signalling through lipid rafts

Ceramide glycosylation inhibitors;
ganglioside-targeted vaccines

Breast

Heparan-sulphate
proteoglycans

Coreceptors for tumour growth
factors

Heparin derivatives as
heparan-sulphate competitors;
sulphotransferase inhibitors

Pancreatic, ovarian,
renal, hepatic

24,25

Hyaluronan

Signaling through hyaluronan
receptors (for example, CD44)

Hyaluronan oligomers; adenoviral
delivery of hyaluronan-binding protein
genes

Colon, breast

13,30

O-GlcNAc

Modify oncogene phosphorylation

O-GlcNAc transferase inhibitors

Pancreatic

N-glycans

Alter E-cadherin-dependent tumour
adhesion

Alkaloid inhibitors of N-glycan
processing

Breast, colon

N-glycans

Tumour repulsion (for example,
polysialylation)

Sialyltransferase inhibitors

Neuroblastoma,
lung (small cell)

43

O-glycans

Stimulate migration; potentiate
migration of tumour cells through
inhibition of cell–cell contacts (for
example, sialyl Tn on mucins)

Vaccines (for example, conjugated
sialyl Tn)

Breast, gastric,
ovarian

47

Glycosphingolipids

Tumour repulsion (for example, GM3)

Glycosphingolipid inhibitors;
ganglioside-targeted vaccines

Melanoma,
neuroblastoma,
breast

35,36,
134,151

Heparan-sulphate
proteoglycans

Matrix growth factor storage
(heparanase substrate)

Heparin fragments and analogues;
sulphotransferase inhibitors; xylosides;
antisense RNA to perlecan

Breast, colon,
hepatic, lymphoma,
melanoma

68,69,72

Chondroitin-sulphate
proteoglycans

Modulate tumour–matrix attachment

Xylosides

Melanoma, glioma,
lung

Hyaluronan

Coordinate tumour growth signalling
with cytoskeletal events during
migration

Target tumour hyaluronan receptors
(for example, gene silencing of CD44)

Breast

28

O-glycans

Facilitate tumour adhesion during
haematogenous metastasis (SLeX,
SLeA and other selectin ligands);

Disaccharide primers of glycosylation
(reduce tumour SLeX); competition by
intravenous heparin

Colon

101,112,118

N-linked and O-linked
glycans

Promote tumour aggregation
(galectin-3 binding)

Galectin-3 inhibitors (β-galactosides)

Melanoma

Glycosphingolipids

Tumour adhesion (sulphated selectin
ligands)

Disaccharide primers; competition with
heparin

Colon

N-glycans

Promote migration of endothelia

Alkaloid inhibitors of N-linked
glycosylation

Prostate

152

Heparan-sulphate
proteoglycans

Co-receptor for growth factors; matrix
growth factor storage; co-receptor for
matrix proteins

Heparin fragments and analogues;
sulphotransferase inhibitors; xylosides;
antisense RNA to perlecan

Colon, renal,
melanoma, breast

9,71

Immune ‘silencing’ (ganglioside
shedding)

Ganglioside vaccines

Melanoma,
neuroblastoma,
breast

Growth and proliferation
16,18
18

150

20

31

Tumour invasion
41,74

61–63

Tumour metastasis

150
101,118

Tumour angiogenesis

Tumour immunity
Glycosphingolipids

35,36,134

O-GlcNAc, O-linked N-acetylglucosamine; SLe, sialyl Lewis.
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and differentiation factors such as bone morphogenic
proteins27. Therefore, HSPGs might have important
roles in maintaining epithelial differentiation and
suppressing progression to malignancy. Similarly,
heterozygous mutations in EXT1 and EXT2, which
encode the heparan-sulphate copolymerase, result in
benign osteochondromas in hereditary multiple exostoses, a paediatric bone disorder in which patients
are predisposed to developing malignant chondrosarcomas. The signalling pathway that underlies
this disorder is unknown, but might involve Indian
Hedgehog (IHH) or FGF18 (known to bind heparan
sulphate), which coordinate cartilage growth and
bone deposition. Whether HSPGs act as tumour promoters or suppressors probably depends on the array
of growth factors and the cell-type-specific regulation
of heparan-sulphate formation.

SELECTINS

C-type calcium-dependent
lectin expressed by cells in the
vasculature and bloodstream.
The three known selectins are
L-selectin/CD62L (expressed by
most leukocytes), E-selectin/
CD62E (expressed by cytokineactivated endothelial cells) and
P-selectin/CD62P (expressed by
activated endothelial cells and
platelets). Important ligands for
the selectins include glycans
containing sialyl Lewis X and
sialyl Lewis A.

Growth-regulatory effects of plasma membrane-,
cytosolic- and nuclear-assembled glycans. The glycans
of glycoproteins, proteoglycans and glycosphingolipids are assembled as they pass through the endoplasmic reticulum and Golgi, but a few examples exist
in which glycosylation occurs in the plasma membrane, the cytoplasm or the nucleus. Hyaluronan, a
large, anionic glycosaminoglycan, is polymerized at
the plasma membrane and secreted into the ECM.
Tumour matrices are especially rich in hyaluronan.
Interactions between hyaluronan and its main receptor CD44 (a transmembrane glycoprotein) as well as
CD168, activate signal-transduction pathways that
promote cytoskeletal changes involved in cell motility and growth28. Studies of tumours transfected with
an anti-hyaluronan synthase cDNA have shown
that hyaluronan has an important role in tumour
proliferation and survival29. Receptor activation by
tumour hyaluronan glycans promotes signalling and
proliferation through the mitogen-activated protein
kinase pathway and the phosphatidylinositol 3-kinase
(PI3K)–AKT survival pathway. Interestingly, hyaluronan oligomers compete with endogenous polymeric
hyaluronan and block signalling responses in breast
tumour cells30.
Many soluble oncogene products and tumoursuppressor proteins contain O-GlcNAc (FIG. 1). The
addition of O-GlcNAc to specific serine residues on
the MYC proto-oncogene protein by O-GlcNAc transferase promotes mitogenesis in a manner similar to that
promoted by phosphorylation of the same amino acids
by protein kinases31. In another example, O-GlcNAc
modification of the tumour-suppressor protein p53
appears to mask or block its ability to bind to crucial
regions of DNA, and this also promotes growth31. These
complementary effects of modification by O-GlcNAc
on major tumour cell-cycle effector proteins make
tumour O-GlcNAc transferase an appealing target for
future cancer therapy.
Therapeutic targeting of glycans that affect tumour
proliferation. Given the broad spectrum of glycans that
affect tumour proliferation, a range of glycan-specific
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targeting approaches might be considered for novel
drug development. MUC4 represents a possible future
target for cancer immunotherapy using anti-mucin
monoclonal antibodies or mucin peptide-based vaccines. Other tumour-associated mucins are now being
targeted in clinical trials. MUC16 (which carries the
CA125 tumour antigen) is currently a target for antibody-based therapy (in Phase II testing). Peptide-based
vaccine therapy for targeting MUC1 is in Phase III testing for ovarian and breast carcinomas12,32,33. In addition,
small monosaccaride and disaccharide decoys —
glycan substrates designed to divert (and thereby alter)
endogenous glycan synthesis — might also be useful
for blocking tumour growth through their ability to
alter O-glycans expressed on tumour mucins BOX 1.
The use of these mucin-targeting approaches might
be limited because secreted- and membrane-bound
mucins have important roles in the homeostasis of
normal epithelial barriers12. Nevertheless, safety has
been demonstrated in Phase I studies of MUC1 peptide-based vaccine34. Tumour gangliosides are also
proving to be appealing targets for tumour-growth
inhibition through vaccine approaches35,36.
Interference with the co-receptor activity of HSPGs
on tumour cells represents a novel therapeutic strategy
for altering tumour proliferation. This might be achieved,
for example, through the inhibition of sulphotransferases
that are responsible for sulphating heparan-sulphate
chains during biosynthesis, or through the design of
competitive blocking agents such as heparan-sulphate
mimetics (for example, heparin-based derivatives that
have structural similarities to heparan sulphate). One
interesting approach is to combine an inhibitor of HSPG
synthesis with difluoromethylornithine, an inhibitor
of polyamine formation37,38. Polyamines are aliphatic
cations that are synthesized by all cells during urea
metabolism and can be taken up from the extracellular
environment. Polyamines function as tumour growth
factors through their ability to modulate gene expression
and signal transduction37. As polyamine uptake depends
in part on HSPGs, the combination of the two drugs is
sufficient to block tumour growth through inhibition
of tumour polyamine uptake and synthesis38. Because
HSPGs appear to serve important roles in multiple steps
during tumour progression, the targeting of HSPGs is
discussed in more detail below.
Little is known about possible approaches to target
hyaluronan in human cancer, although one promising
finding demonstrated the ability of hyaluronan oligomers to inhibit the growth of melanoma in mice39.
Treatment with either hyaluronan oligomers or the adenoviral administration of hyaluronan-binding protein
decoys provide other possible therapeutic avenues13.
Tumour invasion

During invasion, tumour cells detach from one
another and from the ECM and migrate through
neighbouring tissue. This requires the remodelling
of cell-surface adhesion receptors and ligands, and
the secretion of proteolytic enzymes and glycosidases
(which catalyse the hydrolysis of glycosidic bonds in
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Figure 3 | Glycans participate in major pathophysiological events during tumour progression. Tumour proliferation
is crucial during early stages of progression and after metastasis, when secondary tumours form at sites distant from the
primary tumour. a | Various growth-factor receptors are modulated by glycans, for example, through oligomerization of
their respective receptor tyrosine kinase receptors in lipid rafts mediated by gangliosides. The figure illustrates the ability of
the ganglioside GM1 to promote ERBB2–ERBB3 receptor heterodimerization. Glycosylphosphatidylinositol-anchored
proteins also co-localize in rafts. b | Tumour invasion occurs when cells gain the capacity to degrade and migrate through
basement membranes and extracellular matrix. Invasion is also associated with the expression of sialylated glycans that
promote dissociation of tumour cells. STn is one such class of sialylated glycan overexpressed on tumour cells.
c | Dissemination of tumour cells through the bloodstream is facilitated by host elements such as platelets and
lymphocytes that promote embolization and arrest of tumour at distant endothelial sites. Selectins are important adhesion
receptors expressed on activated platelets (P-selectin), leukocytes (L-selectin) and endothelial cells (E-selectin) that bind to
specific glycan receptors containing sialyl Lewis X (SLeX) or SLeA (expressed in the respective tumour ligands labelled ‘P,’
‘L’, and ‘E’ in the figure). d | Tumour angiogenesis is required for pathological growth of the primary cancer and its
metastases. Angiogenesis is the sprouting of blood-vessel endothelial cells in response to pro-angiogenic factors such as
vascular endothelial growth factor and fibroblast growth factor (released from the tumour cells and from the host stroma).
Heparan sulphate on the endothelial-cell surface facilitates growth-factor binding and activation of endothelial receptor
tyrosine kinases.
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glycans) to degrade ECM components. Glycans are
involved at each of these stages TABLE 1. Tumours
also generate glycoconjugates that appear to serve a
repulsive role, physically facilitating the detachment
of invasive cells from the primary tumour.
Cell–cell interactions. Malignant cells commonly
exhibit increased expression of complex β1,6-branched
N-linked glycans on their cell surface (FIG. 1), caused
by an increase in the expression of the enzyme
N-acetylglucosaminyltransferase V (GnTV). In the
Golgi, this enzyme transfers a GlcNAc residue onto
growing N-linked glycans so that subsequent glycosylation results in ‘multi-antennary’ chains15. The
presence of such complex β1,6-branched N-glycans
on tumour-cell E-cadherin — an adhesion molecule
that normally mediates cell aggregation through
homotypic interactions — reduces tumour cell–cell
adhesion. Therefore, increased expression of this
enzyme promotes cell detachment and invasion3,8,40,41.
Interestingly, E-cadherin is often downregulated by
invasive cancers42. Therefore, the coordinated control
of E-cadherin and GnTV expression can affect the
invasive characteristics of a tumour. The GnTV modification also affects other molecules that are important
in modulating tumour adhesion, including the integrin
family of adhesion receptors, as discussed below.
Tumour cells tend to produce increased levels of
glycoconjugates containing sialic acid, an acidic sugar
that imparts a negative charge to the glycan chain
(FIG. 1). The formation of polysialic acid also occurs
and it is overexpressed on some tumour cells 7,43 .
Enhanced sialic acid expression might promote cell
detachment from the tumour mass through charge
repulsion, which physically inhibits cell–cell apposition. Polysialylation is often associated with the
increased invasive potential of tumour cells in both
cultured cell lines as well as clinical tumours, and its
expression correlates with poor prognosis7,43,44.
Sialic acid capping of terminal galactose residues
on N-linked glycans by the enzyme ST6Gal-I (which is
upregulated in human breast and colon malignancies)
has also been reported to alter tumour cell–cell interactions in a manner that promotes invasion. Transfection
of breast cancer cells with this enzyme increases cell
migration and reduces cell–cell adhesion, whereas
transfection with antisense ST6Gal-I RNA enhances
homotypic cell–cell adhesion45. Tumour sialic acids
could also potentiate invasiveness by receptor-dependent processes or by facilitating interactions between
tumour sialic acids and matrix proteins (such as laminin or fibronectin), but additional studies are needed
to determine if these processes actually occur.
In tumours, sialic acids are also found on O-linked
sugars in structures that are rare in normal tissues.
A well-known example involves the sialyl Tn antigen
(STn), a disaccharide commonly expressed on tumour
mucin backbones that consists of the O-linked core
sugar αGalNAc ‘capped’ by a sialic acid residue. This
glycan is commonly overexpressed in the mucin-rich
surfaces of cancer cells (FIG. 1), and its expression
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potentiates tumour invasiveness. Recent studies have
shown that a common defect in many tumours is loss
of a chaperone called COSMC, which is required for
maturation of the galactosyltransferase that acts on
the core GalNAc residue of O-linked glycans46. Lack
of COSMC results in the accumulation of αGalNAcSer linkages (Tn antigen), which in turn allows the
addition of sialic acid, thereby forming STn antigen.
Transfection of breast cancer cells with cDNA that
encodes the human sialyltransferase responsible for
STn biosynthesis (ST6GalNAc-I) reduces cell–cell
interactions and increases the migration potential
of transfected cells47. STn antigen is also associated
with increased metastatic potential, and therefore
poor prognosis, in colorectal, gastric and ovarian
carcinomas TABLE 1.
Cell–matrix interactions. Invasion by tumour cells
involves the alteration of cell–matrix interactions,
which are mediated by adhesion molecules present
on the tumour cells that bind to ECM components.
Integrins represent a particularly important class of
cell-surface adhesion receptors that mediate attachment
to important ECM protein ligands, such as fibronectin
and laminin. Increased GnTV expression is a hallmark
of many malignant cells, and results in increased β1,6
branching on the β1 subunit of tumour α5β1 integrins,
and this disrupts the ability of integrins to cluster on the
tumour-cell membrane48. Altered integrin clustering, in
turn, reduces the formation of tumour-cell focal adhesions, and this increases tumour motility through the
ECM as well as invasion across basement membranes.
Focal adhesions are supramolecular complexes that link
integrin-mediated ECM adhesion to the cytoskeleton
as well as initiate signalling pathways that affect cell
migration, mechanosensing, and proliferation during
cell motility49.
Whereas the disruption of tumour-cell focal
adhesions can promote migration, in some cases
the formation of focal adhesions promotes invasion
by facilitating tumour-cell spreading on the ECM.
During this process, HSPGs on the surface of tumour
cells work together with integrins to form focal adhesions7,23,50–56. Syndecans are a class of cell-surfacebound HSPGs that have particularly important roles
in facilitating these contacts50–52,57,58. Syndecan-4 is
frequently upregulated in a range of malignancies,
including hepatocellular carcinomas and malignant
mesotheliomas. It binds to fibronectin and laminin
and enhances the function of β1 integrins during cell
spreading on matrix52,58. Syndecan-1 is overexpressed
by a range of human tumours58, including pancreatic,
gastric and breast carcinomas. Its functional coupling with αvβ3 integrins on breast carcinoma cells
results in αvβ3-dependent spreading and migration59.
Interestingly, in some tumours the downregulation of
HSPG on cells can promote anchorage-independent
growth57 and increase invasive potential58,60. Therefore,
the activity of HSPGs is context dependent. It is also
possible that coordinated changes in the expression of
specific HSPGs over time might promote sequential
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adhesion (which is necessary for tumour-cell spreading) followed by disengagement (which is necessary for
motility) during tumour invasion.
Other glycans that might have key roles in
tumour–ECM interactions during invasion include
chondroitin-sulphate proteoglycans (CSPGs) and
hyaluronan (FIG. 1). Chondroitin sulphate is an important constituent of certain tissue matrices (for example, cartilage). Recent studies on brain neoplasms and
melanomas show that CSPGs on both the tumour-cell
surface and the ECM facilitate tumour invasion by
enhancing integrin-mediated cell adhesion, motility and intracellular signalling13,61–63. Inhibition of
the motility and invasion of melanoma cells across
type 1 collagen has been achieved by treating cells
with xylosides. Xylosides consist of xylose attached
to a hydrophobic aglycone and resemble xylosylated
proteoglycan core proteins. Xylosides are able to
uncouple chondroitin-sulphate formation from proteoglycan formation by ‘decoying’ chondroitin-sulphate polymerization away from endogenous CSPG
core proteins63. The main hyaluronan receptor on
tumour cells, CD44, seems to have a prominent role
in mediating the binding of tumours to the ECM64,65.
Interactions between matrix hyaluronan and CD44
also appear to facilitate the tight coordination of
tumour-growth signals with cytoskeletal events in
tumour migration28. Additionally, proteoglycan forms
of CD44 that contain chondroitin- and heparansulphate chains facilitate the binding of tumour to
fibronectin66,67, thereby affecting the organization of
tumour matrix while anchoring tumour cells along a
scaffold during invasion.
Matrix degradation and the release of sequestered
growth factors. HSPGs secreted into the ECM by
the tumour have the capacity to bind and sequester
large amounts of important heparin-binding growth
factors 68,69 TABLE 1 . This sequestration protects
growth factors from denaturation or proteolysis and
thereby augments their activity. Moreover, tumour
cells that secrete HSPG-digestive enzymes (glycosidases) are able to release and use the glycan-bound
factors during matrix invasion70. Perlecan, a secreted
HSPG that makes up normal basement membranes,
has a particularly important role in matrix growthfactor sequestration71. Perlecan is overexpressed in
several carcinomas, including melanoma, breast and
colon malignancies, and transfection of metastatic
melanoma cells with perlecan antisense oligonucleotides significantly reduces their invasive potential72.
Heparanase is an endoglycosidase that partially depolymerizes heparan-suphate chains, and is secreted by
invasive normal cells (for example, cytotrophoblasts,
which are the specialized epithelial cells in the placenta that have an important role in implantation) and
malignant cells (including carcinoma and lymphoma
cells). During invasion by tumour cells, heparanases
released by migrating tumour cells can liberate sequestered growth factors at an invading tumour front by
degrading the heparan-sulphate chains of HSPGs
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such as perlecan56,68,69 TABLE 2. Indeed, the release
of heparanase by a range of tumours correlates with
metastatic potential70,73.
Therapeutic targeting of glycans during tumour invasion. From the above discussion, therapeutic targeting of three major glycosylation pathways should be
considered as anti-invasion approaches: blockade of
tumour N-glycosylation (specifically focusing on the
inhibition of GnTV); blockade of sialylation pathways
in tumours (that is, those that generate polysialic acid
or STn); and targeting approaches aimed at HSPGs
and CSPGs. The inhibition of tumour hyaluronan
might also prove effective.
Inhibition of GnTV promises to be an appealing
therapeutic target74. However, there are no specific
inhibitors of GnTV currently under therapeutic
testing. Swainsonine, a competitive inhibitor of
N-glycan processing in the Golgi (and which partially blocks the action of GnTV), reduced invasion
with low toxicity in Phase I human cancer trials 75,
and is currently in Phase II testing. The disadvantage of these types of inhibitor is that they affect all
N-glycan biosynthesis, potentially leading to many
side effects. Better knowledge of the crystal structure of GnTV might facilitate the design of specific
inhibitors76. The isoenzymes ST8SiaII and ST8SiaIV
catalyse the synthesis of polysialic acid in mammalian cells. For example, the inhibition of ST8SiaII
using synthetic sialic acid precursors has recently
been shown77, but the use of these agents in vivo has
not been established.
Targeting proteoglycans has also been considered.
Administration of clinical heparin inhibits tumour
heparanase activity and invasion by tumour cells
in vivo55,78, an effect that probably results from the
ability of heparin to compete with matrix heparan
sulphate as a substrate for tumour heparanase.
Furthermore, specific alterations to the length and
sulphate-substitution pattern of heparin have been
shown to improve its efficacy 55,56,69 . Competitive
antagonists of CSPGs might also be considered as
possible candidates. Cell-surface CSPGs are overexpressed by certain tumours such as melanoma79
and breast neoplasms80. This observation has been
exploited in the laboratory to improve tumourspecific drug delivery (using novel chondroitinsulphate-binding cationic liposomes loaded with
chemotherapeutic agents) and to reduce systemic
drug toxicity. Cisplatin (a commonly used chemotherapeutic agent) delivered in this way to tumourbearing mice resulted in reduced tumour growth,
reduced drug toxicity, and improved survival compared with control mice treated with systemic drug81.
This last example illustrates an alternative approach
to the direct targeting of glycans that promote tumour
invasion, and demonstrates how one might exploit
the tumour’s overexpression of certain glycans (for
example, proteoglycans or other glycoconjugates) to
improve tumour-specific drug targeting and reduce
drug toxicity.
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Table 2 | Potentiation of tumour growth by HSPGs and heparin-binding growth factors
HSPG alterations on
tumour cells

Examples of tumours

Mechanism of tumour growth
potentiation by HSPG

References

Downregulation of SULF1
(endosulphatase)

Ovarian, breast, hepatocellular,
pancreatic, colon, renal

Increase heparan sulphate binding
sites for FGF2

Increased expression of
glypican-1 (a GPI-anchored
HSPG)

Pancreatic

Facilitate FGF2 binding to FGF
receptors

Downregulation of SULF1
(endosulfatase)

Pancreatic, breast,
hepatocellular, colon, ovarian,
renal

Increase heparan sulphate binding
sites for HB-EGF

25

Increased tumour
glypican-1 expression

Breast, pancreatic, ovarian,
bladder

Facilitate HB-EGF binding to EGF
receptors

154

Downregulation of SULF1
(endosulphatase)

Ovarian, breast, hepatocellular,
pancreatic, squamous cell

Increase heparan sulphate binding
sites for HGF

25

Increased glypican-1
expression

Breast, pancreatic,

Facilitate HGF binding to HGF
receptors (MET)

HGF binding to syndecan-1
(a membrane-bound HSPG)

Multiple myeloma

Facilitate HGF binding and
activation of MET

155

Role of specific HSPGs
unknown

Breast, ovarian, pancreatic,
prostate

Possibly stabilize ligand–receptor
ternary complexes; increase matrix
growth factor storage

156

Increased expression of
perlecan (secreted HSPG)

Melanoma

Possible VEGF reservoir, but role as
tumour-cell effector not clear

72

Increased expression of
syndecans and perlecan by
PDGF

Mesothelioma

PDGF might stimulate increased
production of matrix proteoglycans

157

Role of specific HSPGs
unknown

Glioblastoma, prostate,
gastrointestinal stromal
tumours

Unknown

158

FGF2
25
24,153

HB-EGF

HGF

24,153

VEGF

PDGF

FGF2, fibroblast growth factor 2; GPI, glycosylphosphatidylinositol; HB-EGF, heparin-binding epidermal growth factor; HGF,
hepatocyte growth factor; HSPG, heparan-sulphate proteoglycan; PDGF, platelet-derived growth factor; SULF1, sulfatase 1; VEGF,
vascular endothelial growth factor.

Tumour angiogenesis

Solid tumours and their metastases must acquire a vasculature through the process of tumour angiogenesis
in order to achieve diameters of greater than 2 mm82.
Direct genetic evidence exists that supports a role for
HSPGs in tumour angiogenesis9,71. The neovasculature
that forms during angiogenesis consists of microvascular endothelia, which express 10–15 times the level
of HSPG found in macrovascular endothelia83. Genetic
studies show that endothelial growth and migration are
stimulated by several pro-angiogenic factors, including
FGF2, VEGF, hepatocyte growth factor (HGF), IL-8,
platelet-derived growth factor (PDGF), TGFβ and
tumour-necrosis factor-α7,71, all of which bind heparan
sulphate. Furthermore, the endothelial-specific deletion
of the important biosynthetic enzyme N-deacetylase/Nsulphotransferase (NDST1), which is involved in the
sulphation of nascent heparan-sulphate chains, diminishes tumour angiogenesis in mouse models (M.M.F.
et al., unpublished observations).
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Specific HSPGs might have especially crucial roles
in tumour angiogenesis. Genetic targeting of the
basement-membrane proteoglycan perlecan blocks
carcinoma growth and angiogenesis in several in vivo
models84,85. Additionally, the release of heparanase from
endothelial cells might promote the cleavage of matrix
HSPG, mobilizing pro-angiogenic factors that support
the growing tumour neovasculature56,69,86, making
heparanase an attractive target for anti-angiogenesis
therapy, as discussed below. Indeed, the importance of
mammalian heparanase in vascular remodelling was
recently demonstrated by the overexpression of human
heparanase in transgenic mice87.
Therapeutic targeting of glycans in tumour angiogenesis. Therapy directed against tumour angiogenesis
has the advantage that it might induce less drug resistance than that induced by standard chemotherapy
directed against the tumour, because endothelial cells
are genetically stable compared with tumour cells88. A
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Box 1 | Strategies to alter expression of cell-surface glycans on tumour cells
Treatment of tumour cells with peracetylated disaccharides can alter the assembly of cell-surface glycans (see
figure part a). The figure shows the disaccharide GlcNAcβ1,3Galβ, which is peracetylated and covalently
linked to a hydrophobic aglycone (non-carbohydrate ‘R’ moiety in figure) — these modifications render the
disaccharide membrane-permeable. Once inside the tumour cell, the disaccharide is deacetylated and treated
as a substrate by one or more glycosyltransferases (which catalyse the transfer of a sugar from a sugar
nucleotide donor to a substrate). Assembly of oligosaccharides on the disaccharide ‘primer’ decoys or diverts
glycosylation away from endogenous glycoproteins. This results in decreased expression of specific glycans on
the cell surface. In the example, the disaccharide inhibits the expression of sialyl Lewis X (SLeX) on cell-surface
mucins, which blocks tumour dissemination in mice112. Other examples of similar decoys include
monosaccharide primers such as α-d-N-acetylgalactosaminides (for example, GalNAcα-benzyl)146, which
targets O-linked glycan biosynthesis, and β-d-xylosides that target heparan-sulphate and chondroitinsulphate assembly38,147. Some analogues of sugars that contain fluorine instead of a specific hydroxyl group
directly inhibit glycosylation148.
Part b of the figure depicts another use of glycosides. Tumour cells express sialic acids that are normally
tolerated by the immune system, and antitumour immunity can be generated in principle by introducing
unnatural sialic acid precursors to tumours, so that their metabolic incorporation leads to the generation of
unnatural sialic-acid epitopes. In this example, a mannosamine analogue is fed to tumour cells, where it is
converted to a sialic acid derivative. This results in the formation of a cytidine monophosphate-sialic acid
derivative that is then used by one or more sialyltransferases to produce a new cell-surface glycoconjugate
containing the sialic acid analogue. By adjusting the R-group in the added mannosamine129,143,144, a range of
unnatural chemical structures can be inserted biosynthetically on the cell surface, rendering the cell more
immunoreactive or chemically reactive. In this way, it might be possible to boost complement-mediated lysis
of the targeted tumour by vaccinating a host with the unnatural sialic acid epitope before administering the
analogue. Owing to their high expression of sialic acids, tumour cells might be preferentially targeted by
this approach149.
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few groups have achieved glycan-targeted inhibition of
angiogenesis through introduction of modified heparin
fragments or of sulphated oligosaccharide heparansulphate mimetics that specifically inhibit heparanase89–91. Both types of agent can also interfere with
the ability of heparan sulphate to facilitate endothelial
growth-factor signalling by interfering with the formation of growth factor–heparan sulphate–receptor
ternary complexes. For example, sulphonic-acid polymers abrogate the formation of the FGF2–HSPG–FGFreceptor complexes and potently inhibit angiogenesis
in vivo91,92. Ongoing research to model the carbohydrate-binding motifs of known glycan-binding growth
factors or to probe the binding potential of specific
growth factors with libraries of enzymatically treated
heparin fragments93 might yield promising anti-angiogenic compounds. The use of low-molecular-weight
heparins should also be explored, as there is some
evidence of improved cancer outcomes related to their
ability to block angiogenesis94.
In contrast to heparan sulphate, very little genetic
evidence to date implicates other glycan classes in
either pathological angiogenesis (which occurs during
tumour growth) or physiological angiogenesis. Various
cell-surface proteins such as integrins are targets for antiangiogenic therapy, so one might imagine that the glycosylation of these proteins would affect angiogenesis95.
Treatment of endothelial cells with deoxymannojirimycin, a plant-derived alkaloid, prevents the synthesis of
endothelial hybrid and complex-type N-linked oligosaccharides and inhibits the formation of capillary tubes
in vitro96, but whether this effect was due to alteration of
integrin activity is unknown. Further studies are needed
to establish the importance of various glycan classes in
tumour endothelial growth and remodelling.
Tumour dissemination through the circulation

METASTATIC SEEDING

The colonization of an organ or
tissue by metastatic tumour
cells.
LEWIS TYPE BLOOD GROUP
ANTIGENS

A structurally similar set of
fucose-containing (α1-3fucosylated) oligosaccharides
found on normal epithelia and
blood cells, a few of which (for
example, the sialyl Lewis X or
sialyl Lewis Y antigens) are
overexpressed on the surface of
certain epithelial tumour cells.

Tumour dissemination occurs via the microvasculature, after cells invade the fine capillaries and lymphatics within the tumour. After entry into the vasculature,
tumour cells can absorb blood-borne factors, form
large aggregates with platelets and leukocytes, and
eventually lodge in the small vessels of distant organs.
The importance of aggregation of tumour cells with
cellular blood components for METASTATIC SEEDING is now
well established97,98.
Over the past two decades, an important role has
been established for O-glycans in promoting adhesion
between tumour cells, platelets and leukocytes by way
of receptors known as selectins. Selectins normally
mediate adhesion between platelets (which express
P-selectin), leukocytes (L-selectin) or endothelium
(E- and P-selectins) that bear the glycosylated ligands.
The ligands typically consist of clustered arrangements
of oligosaccharides that bear sialic acid, fucose and
sulphate, presented at the ‘tips’ of predominantly
O-linked glycans99. One class of carbohydrate ligand
consists of the LEWIS TYPE BLOOD GROUP ANTIGENS, sialyl
Lewis X (SLeX) and sialyl Lewis A (SLeA). The presence
of such ligands on blood cells (such as monocytes or
neutrophils) or on certain vascular endothelial cells
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(for example, in lymph nodes) promotes the transmigration of leukocytes to infected and/or inflammatory
sites and platelets to sites of vascular damage. Unlike
their normal cell counterparts, tumour cells frequently
overexpress SLeX (for example, on lung and colon adenocarcinomas) or SLeA (for example, on colon, gastric
and pancreatic carcinomas) on glycoproteins or glycosphingolipids on the surface of tumour cells3,100–102.
The expression of these ligands is inversely correlated
with patient survival103–105.
In contrast to the important role of O-glycans
and glycosphingolipids during the circulatory phase
of metastasis, there is little evidence that other glycans potentiate this process. One exception might be
endothelial HSPGs, which have the ability to bind
several chemokines and facilitate the establishment
of chemokine gradients across vascular endothelial
layers159. The latter appear to potentiate extravasation
and metastasis of a range of human tumour cells that
commonly overexpress chemokine receptors such as
CXCR4 or CXCR7 REFS 106,107. Furthermore, other
lectins such as siglecs (that might modulate binding of
innate immune cells to sialic-acid-containing tumour
glycans) and galectins (which bind to galactose-containing glycans) might also have important roles in
effecting circulatory tumour dissemination108–110.
Targeting glycans in circulatory tumour dissemination. The mechanism by which tumour-cell aggregates
facilitate metastasis has not been established. The
coating of tumour cells by platelets and lymphocytes
might serve to stabilize tumour emboli composed of
activated platelets and leukocytes. The cellular cloak
of platelets and leukocytes might facilitate the survival
(including protection from innate immunity), microvascular arrest and eventual growth of metastases in
the microvasculature of distant organs100,101,111–113.
Agents that can interfere with selectin–carbohydrate
interactions have been considered for the treatment of
metastatic disease. These interactions can be targeted
through the administration of neutralizing anti-selectin antibodies or small-molecule mimetics of the SLeX
or SLeA selectin ligands114–117, but the applicability of
such experimental competitive therapies to clinical
tumour biology and metastasis remains challenging.
Some novel approaches of this type involve the competition by heparin118 or synthetic negatively charged
polymers119, and the alteration of the tumour ligands
themselves through metabolic approaches 112,120,121
BOX 1. Selectins are also expressed in lymphatic vessels, and might be involved in lymphatic spread of
carcinoma122,123. Therefore, targeting the glycan ligands
for the selectins might serve to limit tumour metastasis
through both blood and lymphatic routes. Obviously,
these strategies might be limited by undesirable
effects on normal processes mediated by the selectin
adhesion system (for example, normal leukocyte and
platelet functions). However, the dire consequences
of metastatic disease warrants further development of
this class of therapeutic agents, which might work best
in combination with conventional chemotherapy.
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Glycans in tumour immunity

Relatively little is known about the mechanisms by
which tumour glycans affect or alter host immunity.
Glycosphingolipids might have an important role in
certain tumours. Some classes of ganglioside produced
by certain tumours can lead to immune silencing
though mechanisms discussed below. It is also possible that certain glycan patterns, such as O-GlcNAcmodified peptides presented on the tumour surface124,
could stimulate cytotoxic T-cell-mediated responses
by the host. Regardless of the mechanisms by which
tumour glycosylation influences host immunity, our
increasing knowledge of tumour glycan expression
means that it is now possible to exploit tumour glycans
as a means to augment antitumour immunity.
Augmenting immunity against tumour mucin glycans. A tumour’s ability to generate or overexpress
unique mucins is now being harnessed in an attempt
to improve or augment the immune system’s ability to
recognize and destroy tumours. Methods to destroy
tumour cells using monoclonal antibodies or vaccines
that target the tumour mucins MUC1 or MUC16, or
the mucin-associated O-linked glycan STn, have been
introduced as strategies to inhibit tumour proliferation or invasion. Indeed, carcinoma mucins aberrantly
glycosylated with either Tn (αGalNAc) or STn often
decorate the tumour surface, creating clustered sites
for antibody attachment, thereby improving their
activity as tumour immunogens. Because glycans
are weak immunogens, vaccines of this type are typically prepared by conjugating the glycan to a carrier
protein (for example, keyhole limpet haemocyanin
(KLH)), and then injecting the compound into the
patient together with an adjuvant that boosts T-cell
responses. Vaccines that contain these epitopes are
currently being used in breast cancer patients to augment antitumour immune responses, and a positive
survival effect has been noted in patients treated
with the STn–KLH conjugate ‘Theratope’ (currently
in Phase III clinical trials125). Ongoing clinical trials
are examining the use of this agent to treat ovarian and colorectal cancer patients126,127. In addition,
peptide mimetics of tumour carbohydrates, such as
SLeX, SLeA or SLY, have also been shown to stimulate
tumour immunity, although these studies have only
been carried out in animal models128.
In another promising strategy, antitumour immunity has been generated by making unique alterations
to tumour-cell-surface sialic acids (which are normally
tolerated by the immune system). This might be accomplished by introducing unnatural sialic acid precursors
to tumours BOX 1, whereby metabolic incorporation
leads to the generation of unnatural sialic acid epitopes,
forming the basis for the induction of novel antitumour
immune responses129.
Augmenting immunity against tumour glycosphingolipids. Some mammary carcinomas, neuroblastomas, sarcomas, melanomas, small-cell lung
carcinomas and lymphomas express very high levels
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of immunogenic gangliosides, and often shed them
into the bloodstream3,8. Paradoxically, this can lead
to immune silencing, which probably involves both
the inhibition of co-stimulatory molecule synthesis
as well as the arrest of dendritic-cell maturation,
resulting in the inability of dendritic cells to generate
effective antitumour T-cell immune responses130,131.
This observation indicates that inhibitors of the ganglioside assembly process might prove effective in
these types of tumour132,133.
Although glycosphingolipids are relatively poor
immunogens, certain glycosphingolipids might be
manipulated to generate both passive immunity (by the
infusion of antibodies to glycans) and active immunity (by eliciting a host response to a glycan) against
tumours. Immunization with purified GD2 or GM2
gangliosides (FIG. 1) has been carried out, initially with
some success in animal models and preliminary human
melanoma trials. This approach is showing promise
in several current clinical trials against melanoma
(using GD2–KLH134), neuroblastoma (using anti-GD2
small immunoproteins35), breast (using NeuGcGM3
proteoliposomes36 that contain the N-glycolyl form of
sialic acid) and prostate carcinomas (using a conjugate
between KLH and Globo-H hexasaccharide135, a glycan
expressed on human prostate and breast cancer glycolipids). Finally, liposomal drug-delivery techniques
can take advantage of ganglioside overexpression by
certain tumours. For instance, MYB antisense oligodeoxynucleotides (for inhibiting the synthesis of
MYB) have been delivered to human neuroblastomas
by encapsulation in cationic liposomes that have been
covalently coupled to monoclonal antibodies against
the GD2 ganglioside136.
Measurement of serum tumour glycans

Serum measurement of certain glycans on the surface of tumour cells is currently used to facilitate
diagnosis, track tumour recurrence or tumour burden or provide a surrogate measure for therapeutic
response. These glycans might be regarded as part
of a larger array of ‘metastatic codes’ that a tumour’s
glycan profile (or ‘glycotype’) might represent. For
example, the serological markers CA125, CA19-9
and CA15-3 are mucin glycoconjugates that are
commonly overexpressed by ovarian, pancreatic
and breast adenocarcinomas, respectively, and
their serum levels correlate with tumour burden
and prognosis137–139. In ovarian cancer, the tumour
antigen CA125 is associated with a large mucinlike glycoprotein called MUC16 that interacts with
galactose-binding lectins (galectins) that are secreted
into the tumour matrix. One of the ways in which
galectins might regulate tumour progression is
through their ability to facilitate cell adhesion and
promote the binding of tumour cells to laminin
and fibronectin110. Their overexpression in ovarian
cancer might facilitate tumour–matrix interactions
during invasion of ovarian cancer cells140. CA19-9
is the epitope that interacts with SLeA on pancreatic
carcinoma mucins141, and its expression facilitates

www.nature.com/reviews/cancer

© 2005 Nature Publishing Group

REVIEWS

Table 3 | Current clinical targets of glycans in cancer
Therapeutic agent

Mechanism of action

Clinical status

References

Blocks Golgi
α-mannosidase

Phase II (renal cancer)

Theratope

Conjugated vaccine targets
the STn mucin epitope

Phase III (breast cancer)

125

Disaccharide primers
(peracetylated
GlcNAcβ1,3Gal-naphthalenemethanol)

Alter SLeX (selectin ligand
facilitating haematogenous
metastasis)

Preclinical

112

Heparin

Inhibits P-selectin and
L-selectin binding to SLeX
ligand

On the market

118

Targeting N-glycans
GD0039 (Swainsonine)

11

Targeting O-glycans

Targeting heparan-sulphate proteoglycans
Heparin

Inhibits heparanase and
interactions between
growth factor and heparan
sulphate

On the market

78

PI88

Inhibits FGF release via
heparanase inhibition

Phase I and II (melanoma)

11

Phase II (multiple myeloma)

Targeting gangliosides
GMK vaccine

Conjugated GM2 vaccine

Phase III (melanoma)

11

NeuGc GM3/VSSP

NeuGcGM3 proteoliposomes

Phase I (breast)

36

Anti-GD2 SIP

Anti-GD2 small
immunoproteins

Preclinical

35

GD2 lactone–KLH

Conjugated GD2 vaccine

Phase I (melanoma)

134

Phase II (pancreatic and colon
cancers)

150

Targeting galectin-binding glycans
GCS-100 (citrus pectin
derivative)

Blocks galectin-3 binding;
inhibits tumour apoptosis;
facilitates tumour
aggregation

selectin-mediated adhesion during haematogenous
metastasis. In breast cancer, the tumour antigen CA153 is expressed on MUC1, which is aberrantly expressed
in more than 90% of breast carcinomas and appears
to promote invasion142. Therefore, the glycans CA125,
CA19-9 and CA15-3 are examples of molecules that
not only serve as tumour markers for diagnosis, but
also appear to serve important pathophysiological
roles in cancer progression. For now, although these
and other glycan diagnostic markers are used clinically
as sensitive markers for recurrence of disease following
initial treatment, they might also be used to facilitate
the timing of glycan-based therapies in future cancer
treatment programmes.
Implications and future directions

A few important patterns emerge from the above discussion. First, a given glycan might act at different stages
of tumour progression, so targeting that glycan might
have broad effects (FIG. 3). Second, at any given stage of
progression, a specific glycan-targeting strategy might
alter several glycan-dependent interactions. For example, altering selectin interactions would affect platelet,
lymphocyte and endothelial adhesion. Third, some
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therapeutic strategies can target more than one class
of glycan–protein interaction. For example, heparin
will block selectin–SLeX interactions and also block
invasion and angiogenesis by inhibiting heparanases
and growth-factor interactions with their receptors.
Alternatively, metabolic decoys might alter tumour-cell
interactions that are mediated by selectins and affect the
immunogenicity of carcinoma mucins BOX 1. Altering
N-glycosylation of tumour glycoproteins might confer
additional biological effects by affecting the folding
of several crucial membrane proteins145. Finally, one
should also consider the potential synergistic effects of
altering tumour glycans in combination with existing
radiotherapeutic and chemotherapeutic therapies or
anti-angiogenic therapies. An added advantage of this
approach is that it might also overcome the problems
of tumour heterogeneity and drug resistance, which are
concerns that are inherent in any specific targeting of
tumour cells.
Ultimately, the choice and timing of any future glycan-based therapy against cancer should be guided by
both serological assays for glycan markers as well as
novel biopsy information. Refinement of technologies
to analyse clinical biopsy material (yielding a glycotype
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for the tumour) in addition to serum glycans might
assist with the rational choice and/or early application
of glycan-based immunomodulators. Glycan analysis
of serum or biopsy material could also facilitate the
preoperative administration of tumour-glycan inhibitors to reduce the risk of operation-associated dissemination of microscopic tumour deposits. The recent
application of microarray technology might provide
insights into the array of enzymes and glycoproteins
associated with the grade and stage of a given tumour.
This, in turn, might indicate appropriate tumour and
patient-specific panels of inhibitors to test. Valuable
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Abstract Aberrant glycosylation is a key feature of
malignant transformation and reflects epigenetic and
genetic anomalies among the multitude of molecules
involved in glycan biosynthesis. Although glycan biosynthesis is not template bound, altered tumor glycosylation is
not random, but associated with common glycosylation
patterns. Evidence suggests that acquisition of distinct
glycosylation patterns evolves from a ‘microevolutionary’
process conferring advantages in terms of tumor growth,
tumor dissemination, and immune escape. Such glycosylation modifications also involve xeno- and hypersialylation.
Xeno-autoantigens such as Neu5Gc-gangliosides provide
potential targets for immunotherapy. Hypersialylation may
display ‘enhanced self’ to escape immunosurveillance and
involves several not mutually exclusive inhibitory pathways
that all rely on protein–glycan interactions. A better
understanding of tumor ‘glycan codes’ as deciphered by
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Friedbühlstrasse 49, 3010 Bern, Switzerland
e-mail: stephan.vongunten@pki.unibe.ch
K. F. Boligan
e-mail: kayluz.frias@pki.unibe.ch
C. Mesa
Immunobiology Division, Center of Molecular Immunology,
216 St and 15th Ave., Atabey, Playa, P.O. Box 16040,
11600 Havana, Cuba
e-mail: circe@cim.sld.cu
L. E. Fernandez
Innovation Division, Center of Molecular Immunology,
216 St and 15th Ave., Atabey, Playa, P.O. Box 16040,
11600 Havana, Cuba
e-mail: luis@cim.sld.cu

lectins, such as siglecs, selectins, C-type lectins and
galectins, may lead to novel treatment strategies, not only in
cancer, but also in autoimmune disease or transplantation.
Keywords Xeno-autosialylation  Cancer glycosylation 
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Thomsen-Friedenreich
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Very small-sized proteoliposomes

Introduction
The ‘‘glycome’’ has been defined as the complete set of
glycans and glycoconjugates (covalent complexes with
proteins or lipids) that are made by a cell or organism under
specific conditions [1]. The glycome depends on biosynthetic pathways that involve the concerted action of
glycosyltransferases, glycosidases and other glycan-modifying enzymes that are encoded by 250–500 glycogenes
representing 1–2 % of the total human genome [2]. Despite
the conservation of glycogenes, major intra- and interspecies variations of the glycome exist [3, 4], whereby
glycosylation patterns are often tissue- or cell lineagespecific [5, 6]. Thus, glycan biosynthesis represents an
organized, highly regulated process, even if the generation
of glycans, unlike proteins, does not rely on a templatebased mechanism, but instead on a machinery of different
enzymes that elongate, branch or trim a specific substrate.
By its complex nature, involving multiple players, glycan
biosynthesis is particularly sensitive to epigenetic and
environmental factors (Fig. 1). Yet, given the involvement
of glycans in myriad biological processes, tight control of
glycan biosynthesis and repertoire is required to maintain
tissue homeostasis and health [7]. An altered cellular glycosylation profile is not only indicative for a pathological
process, but may have functional consequences, and
influence the pathogenesis or progression of disease,
including cancer. Indeed, aberrant glycosylation is a characteristic feature of carcinogenesis that influences tumor
immunity, angiogenesis and multiple steps of tumor progression, such as tumor growth and proliferation,
migration, invasion, and metastasis [8, 9].
As a further biochemical dimension to nucleic acids and
proteins [10], the glycome encodes biological information,
which is deciphered by glycan-binding proteins (lectins)
and antibodies [11, 12]. Glycan-binding proteins include
membrane-associated molecules, such as selectins, siglecs
and most C-type lectins, or soluble proteins such as
galectins. Latter are evolutionary highly conserved [13],
and by means of carbohydrate-recognition domains
(CRDs) that recognize b-galactose, they are able to
establish bivalent or multivalent cell–cell and cell–matrix
interactions, and to crosslink transmembrane proteins,
eventually resulting in a cascade of transmembrane signaling events [14]. The bi- or multivalency of galectins
involves the formation of dimers (‘‘prototype’’ galectins;
Galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15), the
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linkage of two CRDs in tandem by a single polypeptide
chain (‘‘tandem-repeat’’ galectins; Galectin-4, -6, -8, -9,
and -12), or oligomerization induced by a non-lectin
N-terminal region (Galectin-3). In analogy to lattices
formed by antibodies and multivalent antigens, galectins
can form ordered arrays of complexes [14], and may confer
innate antibody-like immunity [11].
Several glycoconjugates constitute danger-associated
molecular patterns (DAMPs; e.g. hyaluronan fragments,
certain proteoglycans) or pathogen-associated molecular
patterns (PAMPs; e.g. lipo-oligosaccharides, peptidoglycans). Other glycans, including sialic acid-containing
glycans (sialoglycans), which are dominant on cells of the
deuterostome lineage of animals [15] and are recognized
by intrinsic inhibitory receptors of immune cells, could be
regarded as ‘self-associated molecular patterns (SAMPs)’
[16]. Indeed, hypersialylation of cancer cells may display
‘enhanced self’ or ‘super-self’ to exploit natural inhibitory
pathways for immune evasion [17].
Interestingly, certain glycosylation phenotypes occur
more frequently in cancer than others (Fig. 1), suggesting that these changes reflect the outcome of ‘Darwinian
selection’ [9] in terms of the capacity to grow, disseminate, and to cope up with diverse microenvironmental
and immunological survival pressure. Glycan-binding
proteins, as sensors of glycosylation patterns, play a key
role in these processes. We discuss common tumorassociated glycosylation patterns and highlight the concept that acquired epigenetic or genetic alterations of the
glycosylation code displayed by cancer cells, may
engage or deafen different protein–glycan sensor systems
to misinform and subvert actions of the immune system.
A special focus of this article is on recent insights
related to tumor-associated modifications of the sialome,
which are among the most prominent features of altered
tumor glycosylation.

Tumor glycosylation and sialylation patterns
Essentially all tumor cells exhibit altered carbohydrate
composition and structure compared to their progenitors,
and distinct glycosylation patterns have been associated
with oncogenic transformation, which may result from
altered glycan biosynthesis, neosynthesis of onco-fetal
antigens or organizational changes in density or crypticity
at surfaces [18]. Furthermore, certain glycoproteins and
lipids, such as mucins and gangliosides, are overproduced
by cancer cells, and are eventually secreted or ‘shed’ as
soluble glycoconjugates [19–22]. Indeed, most serum
markers currently in use are glycoconjugates that harbor
tumor-associated carbohydrate antigens (TACA) [23].
Common cancer glycans include sialyl Lewis x (sLex),
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Fig. 1 Characteristic patterns of tumor surface glycosylation as a
consequence of epigenetically and genetically modified glycan
biosynthesis. Glycan synthesis is not template bound but involves
the concerted action of glycosyltransferases, glycosidases and glycanmodifying enzymes (e.g. sulfotransferases). The glycan machinery is
frequently modified upon malignant transformation due to epigenetic

and genetic changes. Environmental factors and immune pressure
may lead to characteristic tumor-associated cell surface glycosylation
patterns (see main text), including hypersialylation, truncation, altered
branching, and even xenoglycosylation, which may confer a survival
advantage to face the diverse challenges imposed by the host

sialyl Lewis a (sLea), sialyl Tn (sTn), Thomsen-Friedenreich (T), Lewis y (Ley), Globo H, polisialic acid (PSA),
GD2, GD3, fucosyl GM1, GM2 [19]. Advantages of glycan
antigens may be that unlike proteins a glycan is not a direct
product of genes, and may reflect multiple genetic and
epigenetic anomalies and even genetic silencing (incomplete synthesis).
Glycans range from highly branched and complex
structures (e.g. N-linked and O-linked glycans, and glycolipids) to linear glycans (e.g. proteoglycans). They
include N-glycans, O-glycans, and glycolipids, and are
typically composed of a central core, which is constitutive
in most cell types, an intermediate backbone (e.g.
repeating poly-N-acetyllactosamine units), and subultimate and terminal sugars at ‘outer’ positions [6]. The
biosynthesis of N-linked glycans involves the en bloc
transfer of a common 14-sugar glycan to an asparagine
residue of a protein that is being synthesized and translocated through the endoplasmatic reticulum (ER)
membrane, and the subsequent enzymatic remodeling of
the glycan structure in the ER and Golgi [24]. O-linked
glycans are attached to serine (Ser) or threonine (Thr)

residues of a carrier protein, whereby the addition of an
N-acetylgalactosamine to the Ser or Thr is mediated by a
polypeptide N-acetylgalactosyl transferase (ppGalNAcT),
of which at least twelve isoforms are present in mammals.
O-linked glycans are very heterogeneous, with up to eight
different core structures (Core 1–8) [6, 25]. O-linked
glycans have been found to be relevant to mucin structure
and to determine their functions in tumor progression,
including cellular growth, differentiation, invasion and
immune surveillance (reviewed in [20, 22]).
Sialic acids are a family of nine-carbon backbone
monosaccharides that are typically found at the outermost
end of glycoconjugates, including N-acetylneuraminic acid
(Neu5Ac) and the non-human N-glycolylneuraminic acid
(Neu5Gc), which are the most common sialic acid structures found on mammalian cells [26]. Sialic acidcontaining carbohydrate structures (sialoglycans) and other
terminal or subultimate sugars, often determine the function(s) or recognition properties of glycoconjugates and are
frequently altered upon malignant transformation [6, 9, 19].
In the following, common patterns or tumor glycosylation are discussed.
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Increased branching of glycans
A common glycosylation aberration in malignancies constitutes the overexpression of complex b-1,6-branched Nlinked glycans on the cell surface. This modification results
from the enhanced transcription of Mgat5, in which product enzyme N-acetyl-glucosaminyltransferase V (GnT-V;
GlcNAcT-V; MGAT5) catalyzes the transfer of GlcNAc
residues to growing N-glycans, thus leading to ‘multi-antennary’ chains [27]. Increased expression of b-1,6branched N-linked glycans and MGAT5 is critically
involved in tumor growth and metastasis [28–30], which
seems to involve modified cell signaling and adhesion
functions as a consequence of altered N-glycosylation of
cell surface receptors [31–33]. Altered N-glycosylation
activity of MGAT5 has been shown to modulate cell
apoptosis [34] and to promote cancer metastasis by
affecting the stability or function of relevant proteins [32],
including cadherins, integrins, or matriptase [35, 36]. An
increase of b-1,6-branched N-linked glycans on integrins
has been reported to promote cell-extracellular matrix
(ECM) interactions and tumor dissemination by enhanced
adhesion to fibronectin and basement membrane laminin
[37]. In addition, altered expression of MGAT5 in tumors
not only benefits tumor metastasis but also impairs a correct antitumor immune response, as it has been shown to
alter cytokine-mediated leukocyte signaling [31] and
cytokine secretion by splenocytes and proliferation of
CD4? T cells [38]. Increased branching of glycans creates
addition sites for terminal sialic acid residues leading to an
increase in global sialylation [19], which may modulate
interactions with sialic acid-specific-binding proteins,
including selectins and siglecs (discussed below). Interestingly, MGAT5 itself also acts as an inducer of
angiogenesis through a mechanism independent of glycosylation that involves the release of fibroblast growth
factor-2 from cell surface or ECM heparin sulfate proteoglycan [39].
Mgat3 encodes N-acetylglucosaminyltransferase III
(GnT-III; GlcNAcT-III; MGAT3), a glycosyltransferase
that transfers a ‘‘bisecting’’ N-acetylglucosamine residue to
a b-linked mannose in the N-glycan core. The presence of
the bisecting N-acetylglucosamine inhibits the action of an
a-mannosidase, which is involved in the early biosynthetic
steps of complex N-glycans, including 1,6-branched
N-linked glycans [24, 30]. MGAT3 activity with formation
of bisecting N-glycans may therefore regulate the synthesis
of branched N-glycans. In cancer, epigenetic control on the
expression of MGAT3 seems to be responsible for the
occurrence of bisected N-glycans [40]. Overexpression of
MGAT3 with concomitant decrease in b-1,6-branches
suppresses the occurrence of experimental induced metastasis [30]. Decreased MGAT3 and increased MGAT5
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expression was also observed in the highly metastatic
derivative Skov3-ip cells of the ovarian adenocarcinoma
cell line Skov3, which together may contribute to increased
b-1,6-branching of N-linked glycans of metastatic cells
[41]. MGAT3 and the bisecting GlcNAc have also been
reported to reduce galectin–lattice dependent growth factor
signaling leading to retarded tumor progression [42].
Taken together, the competition between MGAT5 and
MGAT3 with altered expression of b-1,6-branched
N-linked glycans or bisected plays a fundamental role in
tumor growth and metastasis [32, 33]. The reduction of
bisecting N-glycans and the concomitant increase of b-1,6branched N-linked glycans, as a consequence of altered
transcription of enzymes involved in N-glycan synthesis,
may lead to hypersialylation and modulate interactions
with glycan-binding proteins that are relevant to tumor
progression and immune escape.
High-density glycosylation sites
Focal enrichment of carbohydrate structures on the cell
membrane may lead to different effects compared to the
same glycans distributed at low density [18]. The focal
density of glycolipids is influenced by coexisting membrane components and may affect oncogenetic events,
tumor immunosurveillance or the recognition of tumorassociated antigens by diagnostic antibodies [18, 21].
Gangliosides are sialic acid-containing glycosphingolipids
(GSLs) that contain a hydrophilic glycan head group linked
to a ceramide anchor. Together with other membrane
sphingolipids and cholesterol, gangliosides can segregate
and form dynamic nanoscale ‘‘clusters’’, so-called lipid
rafts; more highly unsaturated components, such as glycerophospholipids, provide the membrane with flexibility
[21]. Through lateral carbohydrate–protein or carbohydrate–carbohydrate interactions gangliosides regulate
signaling proteins in cis, such as epidermal growth factor
receptor (EGFR) or vascular endothelial growth factor
receptor (VEGFR), or even in trans, to modulate cellular
differentiation, growth, and processes related to oncogenesis, metastasis or tumor immunity [21]. The association of
gangliosides with cholesterol and other constituents of lipid
rafts can lead to conformational changes in the glycolipid
head group [21], and thereby affect carbohydrate-related
functions of gangliosides. Ganglioside clustering may be of
special importance for the function of organized structural
domains, such as the immunological synapse formed
between immunological effector cells and the targeted
tumor cell [43]. Several antibodies recognizing tumor
antigens, such as on melanoma or Burkitt lymphoma, were
found to bind to gangliosides organized in clusters on
tumor cells, but failed to bind when their density was
below a certain threshold, suggesting altered density and
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structural characteristics of glycosylation sites of malignant
cells compared to their healthy parental cells [18, 44].
Glycoproteins can also contribute to high-density glycosylation sites. Mucins harbor multiple serine and
threonine O-glycosylation sites in a tandem-repeat domain
of identical or highly similar sequences, and may exhibit
altered density of tandem-repeat glycosylation in cancer
compared to normal cells [20]. Carcinoma mucins, aberrantly glycosylated with either Tn or sTn, frequently form
clusters on the tumor surface [20]. Such high-density glycosylation sites may lead to aberrant functions during the
pathogenesis of cancer, affect immune responses, or, in
analogy to clustered gangliosides, influence antibody
attachment [9, 20].
Aberrant O-glycan synthesis resulting in truncated
or incomplete glycans
A block of glycan synthesis often results in incomplete
glycan structures, with or without accumulation of precursors [18]. As a consequence, malignant cells tend to
express glycans with simpler structures than those found in
normal cells [23]. In certain cases, the accumulation of
specific incomplete glycans is detectable by diagnostic
antibodies, such as sialyl Lewis A (Lea), the glycan epitope
of the tumor marker CA 19-9 for digestive organs,
including pancreas and biliary tract [23]. Disialyl Lea,
which is expressed on non-transformed cells, differs
structurally by the presence of one extra sialic acid
attached to the C-6 position of bGlcNAc. Reduced transcription of the sialyltransferase responsible for the a2-6
sialylation at this position has been shown to be significantly decreased in cancer due to epigenetic silencing,
resulting in loss of the more complex disialyl Lea, and
concomitant acquisition of sialyl Lea expression [45].
In analogy, sialyl Lex is utilized as a tumor marker. In
contrast, its 6-sulfated derivative, sialyl 6-sulfo Lex, is
preferentially expressed in non-transformed cells [46].
Reduced expression of molecules responsible for sialyl Lex
sulfation, including 6-sulfotransferase, PAPS synthase, and
sulfate transporter was observed in cancer, whereby
reduced transcription of the sulfate transporter diastrophic
dysplasia sulfate transporter (DTDST) seems to have a
dominant role for the reduction of sialyl 6-sulfo Lex and
gain of non-sulfated sialyl Lex [47]. Silencing of DTDST in
malignancies appeared to be epigenetically regulated,
whereby histone modification rather than DNA methylation
turned out to be responsible for controlling the expression
of this gene.
Incomplete synthesis at early steps of O-linked glycan
generation is linked to the appearance of short truncated
glycans in cancer, such as the Tn (GalNAc-a1-O-Ser/Thr)
and T (Thomsen-Friedenreich; Galb1-3GalNAc-a1-O-Ser/
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Thr) antigens, and their sialylated derivatives sTn and sT.
The appearance of the Tn and sTn structures results from
the lack of b1,3-galactosyltransferase (C1b3Gal-T) activity, which most probably originates from mutations in
Cosmc [48]. Dysfunction of Cosmc, a chaperon responsible
for folding and stability of b1,3-galactosyltransferase (T
synthase), prevents the b1,3-galactose extension of the
simplest O-glycan Tn antigen, resulting in its accumulation. Similarly, decreased activity of the enzyme b1,6GlcNAc transferase (C2GnT1) prevents further extension
of the T antigen (core 1) to form O-glycan core 2, resulting
in the accumulation of T or sT antigens in malignant tissues. The sialylation of Tn or T antigens, yielding sTn and
sT antigens, prevents further glycan extension, which is
often promoted by enhanced sialyltransferase expression in
cancer, and has been associated with increased tumor
growth, dissemination [8], and maturation and activity of
dendritic cells, causing insufficient stimulation of T cells
[49]. Mechanisms other than incomplete synthesis may
contribute to enhanced formation of Tn, T, sTn or sT
antigens in cancer, including enhanced availability of the
substrate UDP-galactose or UDP-galactose transporter [8].
Truncated antigen expression in cancer is also evidenced
by alterations in the ABO antigens. Reduced levels of A
and B antigens have been reported in leukemia, bladder
and oral cancer, among others [50, 51]. Specific allelic loss,
in oral carcinomas, is in part responsible for the dysregulation in A and B antigens expression. Additionally, in
bladder cancer loss of heterozygosity (LOH) and microsatellite instability is related to ABO modifications due to a
chromosomal deletion at 9q34. Moreover, DNA methylation of the CpG islands in the proximal promoter of the
A/B encoding gene corresponds to the loss of blood antigens [50].
Importantly, the incomplete synthesis of glycans may
result in the appearance of tumor-associated carbohydrate
antigens of simpler structure that may exhibit altered
binding capacity to glycan-binding proteins, including the
sialic acid-binding receptors selectins and siglecs [23].
Hypersialylation
Hypersialylation, in one of the most common glycosylation
changes in cancer and its aptitude to promote tumor growth
was already recognized in the late 1960s [27, 52]. The
enhanced density of sialylated epitopes on tumor cells
compared to normal tissue has led to the establishment of
novel tumor markers, such as CA19-9, SLX, CSLEX or
NCC-ST-439, which have been successfully utilized in
cancer diagnosis [18, 23]. Upregulation of sialyltransferases is one dominant mechanism underlying
hypersialylation in cancer, the transcription of which is
controlled by the proto-oncogenes, Ras and c-Myc, and can
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be induced by hypoxia [23, 52]. Furthermore, increased
substrate availability, as a consequence of overexpression
of genes involved in sialic acid biosynthesis or transport
molecules, may lead to hypersialylation of cancer cells [23,
53]. Conversely, reduced degradation of sialoglycans due
to declined expression of endogenous sialidases, enzymes
that cleave sialic acids from glycans, has been proposed as
a potential mechanism for tumor hypersialylation [54]. In
addition, several forms of altered tumor glycosylation,
including enhanced glycan branching and the accumulation
of truncated sialic acid acceptor molecules, contribute to
global tumor cell hypersialylation. Importantly, the clustering of sialoglycans in functional microdomains, such as
lipid rafts [21] or the immunological synapse [43, 55], may
significantly influence processes, such as tumor growth,
dissemination or immunosurveillance.
Expression of xenoglycans
The predominant sialic acids on most mammalian cells are
N-glycolylneuraminic acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac). These two sialic acids differ by
one oxygen atom which is added via hydroxylation of the
cytidine-50 -monophosphate-Neu5Ac (CMP-Neu5Ac) into
CMP-Neu5Gc. This reaction is catalyzed by the enzyme
CMP-Neu5Ac hydroxylase (cmah) and is decisive in the
levels of Neu5Gc glycoconjugates produced by a cell [56–
58]. In humans, the presence of the Neu5Gc variant is
practically undetectable in normal cells, due to the inactivating deletion in the cmah gene [59]. Despite the genetic
incapability of human cells to synthesize Neu5Gc,
numerous reports have demonstrated the expression of this
sialic acid variant on glycoproteins, but especially on
gangliosides, by cells from various human malignancies,
including colon and breast cancer [60, 61], melanoma [62],
or retinoblastoma [63].
In humans, the absence, or very rare expression of
glycoconjugates carrying Neu5Gc sialic acid in normal
cells indicates that this sialic acid variant needs to be
incorporated from external sources, such as human diet
[64–66]. However, it is assimilated preferentially in cancer
cells with respect to normal cells. Two causes have been
associated to this differential expression. The increased
metabolic rate of tumor cells is generally accepted as one
of the causes [67] and is also relevant to the hypoxic
condition inside the tumor mass [68]. It has been demonstrated that during hypoxia the transcription of Sialin, a
sialic acid transporter, on cancer cells is induced [69]. This
transporter mediates the incorporation of external sialic
acid in vitro from the culture medium and, presumably,
also facilitates this phenomenon in vivo [69] (Fig. 2).
Several studies reported the occurrence of xenoantibodies
to Neu5Gc in the serum of healthy individuals [70–72], that
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are eventually induced by dietary-Neu5Gc uptake via
commensal bacteria [73, 74]. Evidence suggests that
Neu5Gc-containing epitopes incorporated in human tissues
from dietary sources (primarily red meats) may act as
‘xeno-autoantigens’ and in interaction with Neu5Gc-specific ‘xeno-autoantibodies’ may stimulate chronic
inflammation and promote cancer, or other diseases, such
as atherosclerotic vascular disease [73, 74]. This concept
has recently been coined as ‘xenosialitis hypothesis’ [73].
Interestingly, anti-Neu5Gc antibodies exhibit dualistic
effects on cancer growth in animal models, whereby lower
antibody concentrations stimulate, and higher concentrations inhibit tumor growth [72, 75, 76]. Murine tumors
expressing human-like levels of Neu5Gc exhibited accelerated growth in Cmah-/- mice with a human-like
deficiency of Neu5Gc, which was associated with the
induction of anti-Neu5Gc antibodies and increased infiltration of inflammatory cells [76]. Similarly, passive
transfer of anti-Neu5Gc antibodies promoted tumor growth
at lower concentrations, while inhibitory effects were
observed at higher concentrations [76]. This concentrationdependent dualistic effect is mediated by remarkably narrow ranges of antibodies and is also observed for other
tumor-directed antibodies than anti-Neu5Gc, suggesting
that these inverse hormesis effects represent a general
characteristic of tumor-directed antibodies [75]. This
biphasic tumor growth response may involve cancer promoting effects of M2-polarized tumor-associated
macrophages at lower concentrations, and NK cell antitumor responses at higher, tumor-inhibiting concentrations
[75].

Immunological implications of tumor glycosylation
Protein–glycan interactions have been reported to modulate
the activity of multiple arms of cellular and humoral
immunity including immune cells [77, 78], antibodies [79],
and complement [80]. An abundance of glycan-binding
proteins, i.e. lectins, exists that recognizes specific glycans
and endows immune cells the capacity to decipher the
‘‘Glyco-Code’’ of healthy or diseased host cells and
pathogens to induce or support immune responses, or to
maintain immune homeostasis [81, 82]. Although certain
families of lectins are defined by binding to a specific
terminal carbohydrate moiety, e.g. to sialic acid for ‘sialic
acid-binding immunoglobulin-like lectins’ (siglecs), the
binding specificity of an individual family member often
depends on additional parameters including carbohydrate
linkage, type of subterminal structures, and chemical
modifications (e.g. sulfation) [83].
Altered tumor glycosylation promotes or diminishes
interactions with various lectin families including the
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Fig. 2 Incorporation of
Neu5Gc-containing
xenoglycans in human cancer.
Neu5Gc is rare in human tissues
due to the deletion of the
enzyme that mediates
hydroxylation of CMP-Neu5Ac
into CMP-Neu5Gc (CMAH),
and animal dietary sources may
constitute the main supply of
Neu5Gc. Under hypoxia,
commonly found in human solid
tumors, the expression of a
lysosomal sialic acid
transporter, Sialin, is enhanced.
This leads to increased
disponibility of free cytosolic
Neu5Gc derived from
lysosomal digested
glycoproteins or -lipids,
eventually resulting in
overexpression of Neu5Gccontaining xenoglycans on the
cancer cell surface

galectins that recognize the disaccharide N-acetyllactosamine [Galb(1–4)-GlcNAc; LacNAc], the heterogenous
C-type lectin receptors (CLRs), which predominantly recognize asialylated glycans (e.g. mannose-, fucose-,
galactose-, or GalNAc-containing carbohydrates), and the
sialic acid-binding selectins and siglecs. Notably, the
atypical presence of sialic acids on cognate ligands, as
often occurring in cancer, can reduce or abrogate recognition by lectins with specificity for asialylated glycans,
such as the galectins [84].
Modified lectin–glycan interactions have been shown to
affect both innate and adaptive immunity in cancer, eventually resulting in tumor-associated inflammation or
undesired immune escape [8, 9, 81]. Thus, the outcome of
an immune response is often critically influenced by the
specific glycosylation profile of the malignant cell, which
may involve the concerted and mutually non-exclusive
action of lectins with different glycan-binding preferences.
For instance, several different mechanisms involving glycan-lectin interactions have been found to influence natural
killer (NK) cell-mediated tumor immunosurveillance
(Fig. 3).
Recent studies indicate that overexpression of sialoglycan ligands for the inhibitory NK cell receptors Siglec-7
and -9 on tumor cells impairs NK cell antitumor defense
mechanisms. While Siglec-7 is expressed on all human NK
cells, Siglec-9 defines a subset of cytotoxic NK cells with
enhanced chemotactic potential that is reduced in the
peripheral blood of cancer patients [85]. Coating of tumor
cells by passive membrane insertion with synthetic sialylated glycopolymers that serve as ligands for Siglec-7

protects from NK cell-mediated cytotoxicity [55]. Pretreatment of peripheral blood lymphocytes (PBL) with
sialidase, to unmask Siglec-7 receptors bound in cis to
ligand on the same cell surface, reduced cytotoxic
responses towards cell lines expressing Siglec-7 ganglioside ligands in vitro, such as GD3 synthase-transfected
P815 cells overexpressing GD3 [43] or ACHN cellsexpressing DSGb5 [86]. More recently, we showed that
sialidase treatment of NK cells is dispensable for siglecmediated downregulation of NK cell responses by certain
types of cancer that highly express Siglec-7 or -9 ligands
[85]. Enzymatic removal of Siglec-7 or -9 ligands on tumor
cells by sialidase or interference with blocking antibodies
to Siglec-7 or -9 both dramatically enhanced the NK cellmediated killing of target cells, not only of NK cell-sensitive K562 cells, but also of presumably NK cell-resistant
tumor cells. Furthermore, the recovery of peritoneally
injected K562 and HeLa cells in humanized NOD-SCIDc(huNSG) mice with NK cells-expressing human
c/
Siglec-7 was significantly lower for desialylated tumor
cells compared to Siglec-7/-9 ligands-expressing cells [85].
Removal of sialic acids on tumor cells has also been
shown to enhance binding of the activating NK cell
receptor NKG2D to ligands on the tumor cell and to
enhance NKG2D-dependent NK cell cytotoxicity, and it
was proposed that non-specific charge repulsion of sialic
acid residues in their vicinity, or on NKG2D ligands
themselves, might be responsible for this effect [87]. It is
possible that tumor hypersialylation synergistically downregulates NK cell antitumor activity by attenuation of
activatory NKG2D receptor–ligand interactions and
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Engagement of inhibitory Siglec-7 and -9
Cancer cell
Siglec-7/-9

NK cell

Abrogation of NKG2D activation

NKG2D

MICA

-

-

Gal3

Platelet-mediated TGF-β
release

TGF-β receptor

Mucins
TGF-β

Platelet

Fig. 3 The multiplicity of putative protein–glycan interactions that
determines NK cell tumor immunosurveillance. Overexpression of
specific sialic acid (purple diamonds)-containing carbohydrates
(sialoglycans) leading to suppressed NK cell reactivity by engagement of their inhibitory Siglec-7 and -9 receptors. Interference of the

interaction of activatory NK cell receptor NKG2D with its ligand
MICA on the cancer cell, as a result of enhanced MICA sialylation,
masking by sialoglycans, or Galectin-3 (Gal3) binding to glycosylated
MICA. TGF-b release of P-selectin-sialoglycan bound platelets, as
found in tumor emboli, may result in suppressed NK cell activity

concomitant engagement of inhibitory siglec receptors on
NK cells.
Another glycosylation-related mechanism that leads to
tumor resistance towards NK cell lysis was reported by
Tsuboi et al. [88] and involves the presence of poly-Nacetyllactosamine on the NKG2D-binding site of its ligand
MHC class I-related chain A (MICA) on tumor cells
overexpressing the glycosyltransferase C2GnT. In this
study, soluble lectin Galectin-3 was found to bind to polyN-acetyllactosamine on MICA, thereby inhibiting the
NKG2D-MICA interaction with concomitant reduction of
NK cell function, including IFN-c and granzyme B secretion and tumor lysis. Expression of C2GnT was found to be
higher in metastatic bladder cells, and based on patient
data; Tsuboi et al. concluded that the expression of C2GnT
might be a more useful prognostic indicator than pathological grade and stage in bladder tumors.

Platelets contribute to tumor dissemination by formation
of tumor microemboli, whereby platelet adhesion to tumor
cells is primarily mediated by P-selectin and its interaction
with sLex/a-carrying structures on tumor cells [89]. For
instance P-selectin mediates the adhesion of platelets to
neuroblastoma and non-small cell lung cancer cells [90].
Similarly sulfated ceramides in the colon carcinoma MC38 cells that serve as ligands for P-selectin foster the
adhesion of activated platelets to tumor cells [91].
P-selectin mediated adhesion of platelets not only enhances
metastatic spread and intravascular tumor-cell survival [8,
92], but appears to shield circulating tumor cells from NK
cell lysis [93–95]. Recently, it has been shown that plateletderived transforming growth factor b (TGF-b) impairs
NK cell antitumor immunity by downregulation of the NK
cell activating receptor NKG2D with concomitant reduction of NK cell degranulation, cytokine production and
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cytotoxicity [95]. The enhanced expression of P-selectin
sialoglycan ligands on tumor cells correlates with cancer
progression [8], which may be attributed to events that
involve both endothelial and platelet P-selectin that together promote metastatic tissue colonization and immune
escape.
Altered glycosylation patterns may not only protect
tumor cells from innate immunity, but may shape emerging
adaptive immune responses by the display of specific
glycan ligands to lectins on antigen-presenting cells
(APCs) [78, 96]. Dendritic cells (DCs) express myriad
glycan-binding receptors, including siglecs and various
members of the heterogenous C-type lectin family, such as
DC-SIGN, BDCA2, DCIR and MICL, which modulate
toll-like receptor (TLR) signaling, or receptors that directly
influence gene expression, eventually by involvement of
nuclear factor-jB (NF-jB) as in the case of Dectin 1 [82].
Depending on the tumor ‘glycosylation signature’ different
lectins will be engaged that trigger DC programs that
potentiate or suppress antitumor responses [81]. For
instance, while conjugation of specific glycan ligands
might lead to enhanced presentation of tumor-associated
antigens to CD4? T cells or cross-presentation to CD8? T
cells [97, 98], Lewis glycans expressed on carcinoembryonic antigen (CEA) or CEA-related cell adhesion
molecule-1 (CEACAM-1), in contrast, have been shown to
negatively affect DC function, which may result in
impaired antitumor responses [99].
Galectins can be released by tumor cells or immune
cells and have caught special attention in terms of their
dual role in antitumor defense or immune escape. Different
members of this family have shown to modulate the survival and function of both myeloid and lymphoid
leukocytes, resulting either in pro- or anti-inflammatory
immune responses [14]. Tumor secretion of galectins is a
mechanism adopted by a wide range of malignancies to
promote an immunosuppressive environment [81]. Besides
impairing NK cell responses to tumor cells (see above),
galectins have also been shown to affect adaptive immune
responses by attenuating DC responses, limiting T cell
survival and favoring anergy or exhaustion of tumor-specific T cells and the expansion of regulatory T cells (Tregs)
[8, 14, 81].

The role of sialic acid-binding proteins in cancer
Until the 1980s, the functions of sialic acids were primarily associated with providing negative charge and
hydrophilicity to vertebrate cell surfaces, masking of
glycan ligands, or serving as attachment sites of pathogens
and toxins. More recent research revealed a functional role
of their interaction with sialic acid-binding proteins in
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multiple biological systems and conditions, including
immunity and cancer [80]. Several classes of sialic acidbinding proteins, including siglecs, selectins and complement factor H, have been shown to be critically involved
in tumor progression and antitumor immunity, often as a
functional consequence of enhanced or altered sialylation
patterns of cancer cells. For instance, hypersialylation has
been shown to endow tumor cells the capacity to evade
complement-mediated attack by binding of Factor H,
which negatively regulates the alternative complement
pathway [100–102]. While the role of siglecs and selectins
in NK cell-mediated antitumor defense has been discussed
above, further tumor-related aspects of these receptors are
discussed next.
Siglecs in cancer
Siglecs constitute a family of cell surface receptors with an
extracellular domain composed of a sialoglycan-binding
N-terminal V-set domain, a variable number of C2-set Ig
domains, a transmembrane region and a cytoplasmic tail,
latter of which in most Siglec members contain one or
more membrane-proximal immunoreceptor tyrosine-based
inhibitory motif (ITIM) and a membrane-distal ITIM-like
motif [83, 103–105]. The siglec family comprises an evolutionary conserved group, including sialoadhesin (Siglec1), CD22 (Siglec-2), myelin-associated glycoprotein
(MAG; Siglec-4) and Siglec-15, a group of rapidly evolving siglecs including CD33 and the CD33 (Siglec-3)related siglecs (CD33rSiglecs; Siglec-5 to -14, and -16)
[105–107]. The species-related differences of CD33rSiglecs require special attention for the design of experimental
in vivo models [85, 108]. Besides adhesion, endocytosis
and pathogen internalization, siglec functions include
immunoregulatory processes [103, 105, 109], such as
inhibition of cellular activity and proliferation, or regulation of leukocyte survival [110–114]. The siglec-based
immunoregulatory system seems to include naturally
occurring and anti-idiotypic antibodies to siglecs [115–
117], which may contribute to the anti-inflammatory
effects of high-dose intravenous immunoglobulin (IVIG)
[79, 114, 118–120]. It has been proposed that by their
capacity to discriminate between PAMP and ‘SAMP’ or
DAMP, siglecs may play a role in the protection of self
tissue as well as the repression of tissue damage-induced
immune responses [16, 121]. By hypersialylation, as display of ‘enhanced self’, tumors seem to exploit inhibitory
siglecs for immune evasion.
Recently, we demonstrated overexpression of Siglec-7
and -9 ligands on melanoma cells in histological skin
sections and on primary CLL and AML cells from patients
[85]. In a subsequent, independent study, the upregulation
of Siglec-9 ligands in sections of colorectal, breast,
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prostate, ovarian, and non-small-cell lung cancer (NSCLC)
was reported [122]. In contrast, no overexpression of Siglec-7/-9 ligands was found in basal cell carcinoma (BCC),
squamous cell carcinoma (SCC), and cutaneous T cell
lymphoma (CTCL). Furthermore, Siglec-7/-9 ligand
expression was heterogeneous in a broad range of different
cell lines. These findings point to some degree of variability in terms of siglec ligands expression in tumors of
different tissue-specific origin, which has implications in
terms of tumor immune evasion strategies or potential
therapeutic approaches involving siglecs or their ligands.
Siglec-7/-9 ligand expression may also occur in certain
non-malignant tissues, and it has been hypothesized that
loss of immunosuppressive glycans during colonic carcinogenesis enhances inflammatory mediator production
[123].
Recent evidence suggests that overexpression of native
siglec ligands by tumor cells dampens innate immune
responses mediated by NK cells [85] and neutrophils [122].
Läubli et al. [122] reported that engagement of human
Siglec-9 in vitro and of related murine Siglec-E in vivo
inhibits the tumoricidal activity of neutrophils. Interestingly, although tumors developed later in Siglec-E null
(SigE-/-) mice in a 3-methylcholanthrene (MCA) model
of carcinogenesis, they grew faster and larger, once they
appeared, and exhibited increased infiltration of tumor
growth-promoting M2 macrophages. In line with the proangiogenic function of M2 macrophages, increased
angiogenesis was also observed in tumors of SigE-/- mice.
The authors hypothesized that in their model, the expression of Siglec-E ligands might efficiently suppress innate
immunity during early tumorigenesis or metastasis, however, at a later stage the expression of Siglec-E ligands
might induce polarization to M1 macrophages, but eventually, because the tumor is already at a larger size, this
does not lead to rejection. Furthermore, these investigators
found an association of Siglec-9 polymorphism with early
survival of NSCLC patients [122]. Together, these data
suggest a dual function of myelomonocytic cells in cancer
progression and that targeting siglec receptor–ligand
interactions might be beneficial in the correct temporal and
situative context. In a recent study, transgenic mice
expressing a soluble form of human Siglec-9 (sSiglec-9)
showed longer survival and less advanced tumor progression compared to non-transgenic mice following
intraperitoneally transplants of mouse mammary tumor
cells-expressing human MUC1 [124]. Although, as proposed by the authors, sSiglec-9 in this model might involve
competitive inhibition of MUC1 binding to certain receptors, the identity and tissue expression of latter remains
unclear, especially given that Siglec-9 is not naturally
expressed in rodents.
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While the exact sialoglycan ligands of siglecs expressed
on distinct types of tumors still remain elusive, a number of
mucins have been shown to bind to members of this lectin
family and to eventually regulate leukocyte functions as
cell membrane bound or soluble factor [125–127],
including binding of the tumor marker CA125/MUC16 that
interacts with Siglec-2, -3, -7, -9 and -10 [128, 129].
Notably, siglec interactions with their mucin counterreceptors might influence tumor progression in two directions
[130], i.e. transduction of inhibitory signals in immune
cells by siglecs, or by induction or modulation of mucinmediated signaling pathways [130, 131]. Vascular adhesion
protein-1 (VAP-1) was identified as a binding partner of
Siglec-9 and -10, which might be exploited for imaging of
vasculature at sites of inflammation and cancer [132, 133].
Siglecs themselves given their function, their cell-specific
expression on leukocyte subsets and their endocytotic
capacities, exhibit properties that might be exploited for
cell-directed therapy. Various approaches targeting siglecs
are currently tested in pre-clinical and clinical studies for
the treatment of leukemia and inflammatory disorders [105,
134–136].
Selectins in malignant disease
Selectins compose a family of C-type lectins expressed on
the surface of leukocytes and endothelial cells, known to
mediate cellular adhesion processes in immune responses
or in cancer [23, 137, 138]. Selectins are type-I receptors
with an extracellular part comprising a C-type lectin
domain, an EGF domain and a variable number of short
consensus repeat domains, as well as a transmembrane and
a short cytoplasmic tail of maximally 35 aa that can
interact with cytoskeleton components and is responsible
of targeting selectins to different cellular compartments
[139]. This receptor family is constituted of three members: E-selectin expressed on endothelial cells, L-selectin
on leukocytes and P-selectin on platelets and endothelial
cells. In contrast to L-selectins that are constitutively
expressed on all myeloid cells and on subsets of bloodborne lymphocytes, E- and P-selectin expression on
endothelium or platelets is mainly induced following cellular activation. P-selectin is stored in the Weibel–Palade
bodies of endothelial cells or a-granules of platelets, and
can be rapidly redistributed to the cell membrane following
cellular activation. Selectins can also be found in soluble
form in the circulation mainly associated with damage of
the endothelium, cell activation and certain pathological
conditions [140–142].
Selectins interact by means of their ligand-binding
domains with sulfated glycoconjugates on a broad range of
glycoproteins and -lipids, including mucins, heparin, and
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heparan sulfate [143]. The minimal recognition motif for
selectins is Lewis structures, specifically sLea and sLex, the
generation of which involves the a(1,3)-fucosyltransferases IV or VII (FUT4 and FUT7), a2,3-sialyltransferases,
b1,4-galactosyltransferases and N-acetyl-glucosaminyltransferases [137]. Carcinoma mucins carrying sLex/a
moieties represent major selectin ligands on cancer cells;
other selectin ligands on malignant cells include CD24,
CD44, death receptor 3, ESL-1 and PSGL-1 [137]. The
acquisition of selectin ligands seems to permit cancer cells
to engage in similar mechanisms of adhesion and extravasation as used by leukocytes [23, 137, 144]. Furthermore,
selectins seem to promote metastasis by shaping the metastatic niche [137]. Indeed, mice that are deficient in FUT7
and display a minimal amount of selectin ligands exhibit
reduced metastasis formation in comparison with their
wild-type counterparts [145]. Attenuation of tumor metastasis was observed in mice deficient in L- and P-selectins, or
mice treated with heparin, as a primary consequence of
P-selectin inhibition [146]. Similarly, formation of spontaneous distant metastases of the human OH-1 small cell lung
cancer (SCLC) cell line xenografted into E-/P-selectindeficient mice was significantly reduced [147]. By intravital
microscopy of murine mesenterial vasculature the authors
found that the OH-1 cells mimic the selectin-dependent
rolling behavior of leukocytes along vessel walls.
The different selectins, E-, L- and P-selectin, seem to
synergistically act in the tissue colonization by mediating
heterotypic interactions between cancer cells, leukocytes
and endothelial cells within the metastatic microenvironment [8, 137]. Tumor embolus formation during
intravascular circulation or after microvascular arrest of
tumor cells in distant organs involves P-selectin-mediated
cancer cell-platelet interactions [89]. These events lead to
local activation of endothelial cells recruitment and activation of leukocytes that depend on both L-selectin and
selectin ligands (e.g. PSGL-1) on leukocytes, latter of
which may bind either to vascular selectins, P- and/or
E-selectins, or through binding to L-selectin on already
adherent leukocytes [145, 148]. Recruited leukocytes,
including monocytes and descendant macrophages, seem to
increase vascular permeability and transendothelial
migration of cancer cells, or may eventually contribute to
local immunosuppression [137]. Given that selectins are
predominantly implicated in hematogenous metastasis,
selectin-targeting therapeutics might be beneficial in the
prevention of cancer cell dissemination eventually after
surgical removal of the primary tumor. Notably, unfractioned and certain low molecular weight heparins exhibit
both anticoagulant and selectin blocking activity and are
currently evaluated in clinical trials administered in addition to adjuvant systemic treatment after surgery of
localized tumors [137].
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Xeno-autosialylation: Neu5Gc gangliosides in cancer
In humans the repertoire of sialoglycans, the sialome [26],
undergoes dramatic modifications upon malignant transformation that not only relates to hypersialylation of
endogenous Neu5Ac glycans, but also to neoexpression of
Neu5Gc-containing xenoglycans. To date the role of
endogenous Neu5Ac-gangliosides in tumor biology and
immunosuppression has received considerable attention.
Overexpression of this kind of gangliosides can provoke a
reduction on tumor cell motility and a propensity to
undergo apoptosis [149–151]. Also, it is well established
that N-acetyl GM3 ganglioside (NAcGM3) interacts with
the epidermal growth factor receptor (EGFR) inhibiting the
EGF-induced receptor activation [152]. Additionally, various Neu5Ac-gangliosides are known to promote a
suppressive tumor microenvironment [21, 43, 153, 154]. In
contrast, the biological consequences of aberrant expression of xenogeneic Neu5Gc-gangliosides for tumor biology
have not been studied in depth. Experimental evidence in
this sense is derived from murine tumor cell lines in which
the cmah gene has been knocked-out and the Neu5Gc sialic
acid has been incorporated exogenously [155]. In this
sense, Gabri et al. [156] demonstrated that mouse B16
melanoma and F3II mammary carcinoma cells induced a
higher number of lung metastasis and increased tumor
progression after in vitro incorporation of Neu5Gc-rich
mucin on the membrane. Similarly, GM3-expressing 3LLD122 Lewis lung carcinoma cells produced more experimental lung tumor metastasis, if they were pre-incubated
with Neu5Gc [157]. More recently, it has been published
that silencing the cmah gene in N-glycolyl GM3 ganglioside (NGcGM3)-expressing L1210 mouse lymphocytic
leukemia B cells caused a marked expression of NAcGM3
and an impaired tumor development in vivo [155]. These
observations contrast with a report showing that B16
melanoma cells transfected with the cmah gene and thus
expressing NGcGM3 displayed a reduced tumor growth as
compared with the parental cell line [158]. Other evidence
supporting the concept that Neu5Gc expression promotes
tumor progression is the correlation of NGcGM3 expression with the stage of malignancy, with enhanced
expression in metastatic lesions [159]. Furthermore, xenosialitis induced by anti-Neu5Gc antibodies may promote
cancer progression by enhancing tumor-related inflammation, as discussed above and reviewed in [73, 74]. Yet,
other work points to a immunosuppressive capacity of both
Neu5Ac and Neu5Gc-gangliosides, which exhibited similar
capacity to downmodulate CD4 molecules on the T lymphocyte surface or to inhibit dendritic cells differentiation
and maturation in vitro [160, 161]. Taken together, current
evidence indicates that preferential expression of the
Neu5Gc-glycoconjugates on tumor cells could provide a
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mechanism utilized by cancer to promote tumor progression, metastasis and to shape immune responses (reviewed
in [73]).
Targeting xenogenic TACA for cancer immunotherapy
appears as an attractive option, including tumor-associated
sialoglycans that aberrantly express Neu5Gc (discussed
above).
The ‘non-human’ glycolipid NGcGM3 was reported in
the 1990s to be present in human breast tumors while it
remained undetectable in normal breast tissue [61]. Subsequently, several other studies have been conducted to
address its expression in other types of malignancies [62,
162–164].
Recent studies extend or reaffirm the presence of
NGcGM3 ganglioside in NSCLC, digestive system
tumors, primary lymphoid tumors, pediatric nervous
system tumors, sarcomas, thyroid carcinomas, and oral
cavity melanomas [62, 162–165]. Noteworthy a significantly elevated expression of this target ranged
from 33 % of studied cases in esophagus cancer up to
100 % of stomach, large intestine and pancreatic
tumors [163].
As previously stated, one of the more striking features of
this glycolipid is its tumor-restricted character. While
almost 50 % of NSCLC samples are highly positive for
NGcGM3, no Neu5Gc-containing ganglioside expression
was detected in normal lung tissues [165]. Blanco et al.
[164] extended the same finding to normal tissues of skin,
esophagus, stomach, large intestine, liver, pancreas, testis,
prostate, kidney, urinary bladder, brain, cerebellum, spinal
cord, peripheral nerves, thymus, tonsils, lymph nodes,
spleen, heart, arteries, veins, muscles, pituitary and thyroid
glands. Only a weak reaction of a specific anti- NGcGM3
monoclonal antibody (14F7 mAb) with mucous cells from
small intestine samples was observed in one-third of the
cases [164]. In addition, ten oral melanocytic nevi evidenced no reactivity with 14F7 mAb [62].
Racotumomab (formerly known as 1E10; VaxiraÒ) is an
anti-idiotypic antibody obtained from mice immunized
with the murine IgM P3 (coupled to KLH in adjuvant),
specifically reacting with the tumor-associated ganglioside
NGcGM3 and other Neu5Gc-containing gangliosides.
Anti-idiotypic racotumomab acts as a molecular mimicry
of these parental gangliosides. More than a decade after the
racotumomab was first described by Vazquez et al. [166],
recent clinical trials show promising results of a vaccine
formulation of aluminium hydroxide-precipitated racotumomab. In a study of advanced non-small cell lung cancer
(NSCLC), the racotumomab vaccine was shown to be
immunogenic in 16 out of 20 NSCLC patients, raising
detectable serum levels of specific IgM and IgG antibody
responses against NGcGM3 ganglioside. Hyperimmune
patient sera were able to induce complement-independent
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cell death of NGcGM3-expressing X63 murine myeloma
target cells [167]. Another recent randomized, multicenter,
placebo-controlled clinical trial in advanced NSCLC
patients indicated a clinically relevant improvement in
overall survival and progression-free survival for racotumomab-alu-treated patients in comparison with the placebo
group [168]. Noteworthy, the capacity of induced serum
IgM anti-NGcGM3 antibodies to bind or destroy at least
30 % of antigen positive murine leukemia L1210 cells was
clearly associated with longer overall survival [168]. These
studies provide compelling evidence that points to
NGcGM3 as a clinically meaningful therapeutic target
[159, 169].
As an alternative approach, a cancer vaccine has been
developed by combining chemically unmodified NGcGM3
ganglioside with the hydrophobic outer membrane protein
complex derived from Neisseria meningitides [170]. Very
small-sized proteoliposomes (VSSP) with nanometric
diameters were obtained and significant humoral immune
responses in mice and monkeys against the highly tolerated
GM3 and NGcGM3 were induced by vaccination [170]. A
controlled Phase II clinical trial of the NGcGM3/VSSP
vaccine was conducted in 79 patients with metastatic breast
cancer [171]. In the intent to treat analysis, there was a
trend toward a survival advantage for the vaccine group
and this effect was significant for patients with non-visceral
metastasis [171]. Similarly patients with metastatic cutaneous melanoma were included in a Phase I/II clinical trial
and treated with a new formulation of the NGcGM3/VSSP
vaccine by the subcutaneous route [172]. Objective
responses or stable disease was observed in 38.46 % of
patients with a global median overall survival of
20.20 months [172].
While these results are rather encouraging, a more firm
clinical validation of this particular glycan NGcGM3 as a
target of cancer immunotherapy for different malignancies,
may be expected soon from ongoing Phase III clinical
studies evaluating Vaxira and NGcGM3/VSSP vaccines (to
be published).

Conclusions
Cells exhibit differential glycosylation patterns that are
differentiation and cell type-specific [5], but is subject to
significant modification under distinct physiological or
pathological conditions [7, 23]. Glycosylation changes, as
a consequence of epigenetic or genetic events, are a
hallmark of tumor development. Since the first demonstration of altered glycosylation in transformed cells by
Meezan et al. in 1969 [173], many tumor-associated carbohydrate antigens have been diagnostically utilized as
tumor markers. Although the functional consequences of
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altered tumor glycosylation remain to be further explored,
several promising therapeutic strategies targeting glycans,
glycan-binding proteins, or protein–glycan interactions
have been proposed or are under clinical evaluation and
have been extensively reviewed elsewhere [9, 19]. Glycanbased therapeutics include, among others, tumor vaccines
based on carbohydrate-mimetic peptides [174] or antiidiotypic antibodies (e.g. racotumomab), natural or synthetic glycans to block glycan-binding proteins or glycanmodifying enzymes [9, 19, 92, 175], as well as antibodies
or glycan-coated nanoparticles for cell-directed therapy
[105, 135].
Evidence suggests that tumor cells acquire in a
‘microevolutionary’ process [9, 27], a glycosylation profile
that provides them advantages in terms of tumor growth,
dissemination and immune escape. A better understanding
of the immunomodulatory glycosylation signals and codes
that are sent out by tumor cells, and received and deciphered by detection systems of different arms of the
immune system, may lead to novel and improved therapeutic strategies, not only for cancer, but also for
autoimmune disease and transplantation.
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148. Läubli H, Stevenson JL, Varki A, Varki NM, Borsig L (2006)
L-selectin facilitation of metastasis involves temporal induction
of Fut7-dependent ligands at sites of tumor cell arrest. Cancer
Res 66(3):1536–1542. doi:10.1158/0008-5472.CAN-05-3121
149. Prinetti A, Aureli M, Illuzzi G, Prioni S, Nocco V, Scandroglio
F, Gagliano N, Tredici G, Rodriguez-Menendez V, Chigorno V,
Sonnino S (2010) GM3 synthase overexpression results in
reduced cell motility and in caveolin-1 upregulation in human
ovarian carcinoma cells. Glycobiology 20(1):62–77. doi:10.
1093/glycob/cwp143

123

1248
150. Prinetti A, Cao T, Illuzzi G, Prioni S, Aureli M, Gagliano N,
Tredici G, Rodriguez-Menendez V, Chigorno V, Sonnino S
(2011) A glycosphingolipid/caveolin-1 signaling complex
inhibits motility of human ovarian carcinoma cells. J Biol Chem
286(47):40900–40910. doi:10.1074/jbc.M111.286146
151. Tringali C, Lupo B, Cirillo F, Papini N, Anastasia L, Lamorte G,
Colombi P, Bresciani R, Monti E, Tettamanti G, Venerando B
(2009) Silencing of membrane-associated sialidase Neu3
diminishes apoptosis resistance and triggers megakaryocytic
differentiation of chronic myeloid leukemic cells K562 through
the increase of ganglioside GM3. Cell Death Differ
16(1):164–174. doi:10.1038/cdd.2008.141
152. Handa K, Hakomori SI (2012) Carbohydrate to carbohydrate
interaction in development process and cancer progression.
Glycoconj J 29(8–9):627–637. doi:10.1007/s10719-012-9380-7
153. Potapenko M, Shurin GV, de Leon J (2007) Gangliosides as
immunomodulators. Adv Exp Med Biol 601:195–203
154. Varki A, Freeze HH (2009) Glycans in acquired human diseases.
In: Varki A, Cummings RD, Esko JD et al (eds) Essentials of
glycobiology, 2nd edn. Cold Spring Harbor, New York
155. Casadesus AV, Fernandez-Marrero Y, Clavell M, Gomez JA,
Hernandez T, Moreno E, Lopez-Requena A (2013) A shift from
N-glycolyl- to N-acetyl-sialic acid in the GM3 ganglioside
impairs tumor development in mouse lymphocytic leukemia
cells. Glycoconj J 30(7):687–699. doi:10.1007/s10719-0139473-y
156. Gabri MR, Otero LL, Gomez DE, Alonso DF (2009) Exogenous
incorporation of Neugc-rich mucin augments N-glycolyl sialic
acid content and promotes malignant phenotype in mouse tumor
cell lines. J Exp Clin Cancer Res 28:146. doi:10.1186/17569966-28-146
157. Segatori VI, Vazquez AM, Gomez DE, Gabri MR, Alonso DF
(2012) Preclinical evaluation of racotumomab, an anti-idiotype
monoclonal antibody to N-glycolyl-containing gangliosides,
with or without chemotherapy in a mouse model of non-small
cell lung cancer. Front Oncol 2:160. doi:10.3389/fonc.2012.
00160
158. Segatori VI, Otero LL, Fernandez LE, Gomez DE, Alonso DF,
Gabri MR (2012) Antitumor protection by NGcGM3/VSSP
vaccine against transfected B16 mouse melanoma cells overexpressing N-glycolylated gangliosides. Vivo 26(4):609–617
159. Labrada M, Clavell M, Bebelagua Y, Leon J, Alonso DF, Gabri
MR, Veloso RC, Verez V, Fernandez LE (2010) Direct validation of NGcGM3 ganglioside as a new target for cancer
immunotherapy. Expert Opin Biol Ther 10(2):153–162. doi:10.
1517/14712590903443084
160. de Leon J, Fernandez A, Clavell M, Labrada M, Bebelagua Y,
Mesa C, Fernandez LE (2008) Differential influence of the
tumour-specific non-human sialic acid containing GM3 ganglioside on CD4? CD25- effector and naturally occurring CD4?
CD25? regulatory T cells function. Int Immunol 20(4):
591–600. doi:10.1093/intimm/dxn018
161. de Leon J, Fernandez A, Mesa C, Clavel M, Fernandez LE
(2006) Role of tumour-associated N-glycolylated variant of
GM3 ganglioside in cancer progression: effect over CD4
expression on T cells. Cancer Immunol Immunother 55(4):
443–450. doi:10.1007/s00262-005-0041-6
162. Blanco R, Blanco D, Quintana Y, Escobar X, Rengifo CE,
Osorio M, Gutierrez Z, Lamadrid J, Cedeno M, Frometa M, Carr
A, Rengifo E (2013) Immunoreactivity of the 14F7 Mab raised
against N-Glycolyl GM3 ganglioside in primary lymphoid
tumors and lymph node metastasis. Pathol Res Int 2013:920972.
doi:10.1155/2013/920972
163. Blanco R, Rengifo E, Cedeno M, Rengifo CE, Alonso DF, Carr
A (2011) Immunoreactivity of the 14F7 Mab raised against Nglycolyl GM3 ganglioside in epithelial malignant tumors from

123

K. F. Boligan et al.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

digestive system. ISRN Gastroenterol 2011:645641. doi:10.
5402/2011/645641
Blanco RQ, Cedeño M, Rengifo CE, Frómeta M, Rı́os M,
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The genetic and cellular alterations that define cancer provide the immune system with the means to generate
T cell responses that recognize and eradicate cancer cells. However, elimination of cancer by T cells is only
one step in the Cancer-Immunity Cycle, which manages the delicate balance between the recognition of
nonself and the prevention of autoimmunity. Identification of cancer cell T cell inhibitory signals, including
PD-L1, has prompted the development of a new class of cancer immunotherapy that specifically hinders
immune effector inhibition, reinvigorating and potentially expanding preexisting anticancer immune responses. The presence of suppressive factors in the tumor microenvironment may explain the limited activity
observed with previous immune-based therapies and why these therapies may be more effective in combination with agents that target other steps of the cycle. Emerging clinical data suggest that cancer immunotherapy is likely to become a key part of the clinical management of cancer.

Introduction
The development of cancer immunotherapy has reached an
important inflection point in the history of cancer therapy
(reviewed in Mellman et al., 2011). Durable monotherapy responses are consistently being reported for a broad range of
human cancers with several different agents (Hamid et al.,
2013a; Herbst et al., 2013; Hodi et al., 2010; Topalian et al.,
2012b), providing a compelling argument that cancer immunotherapy is active in a range of indications beyond melanoma, a
disease often thought to be atypically immunogenic (Jacobs
et al., 2012). In addition to encouraging activity, many of the cancer immunotherapy approaches report safety profiles that are
milder and more manageable than traditional or targeted (i.e.,
oncogene-centric) cancer therapies.
Cancer is characterized by the accumulation of a variable
number of genetic alterations and the loss of normal cellular regulatory processes (Tian et al., 2011). These events have long
been known to result in the expression of neoantigens, differentiation antigens, or cancer testis antigens, which can lead to presentation of peptides bound to major histocompatibility class I
(MHCI) molecules on the surface of cancer cells, distinguishing
them from their normal counterparts. Since the work of Boon
and colleagues, we have known that these cancer-specific peptide-MHCI complexes can be recognized by CD8+ T cells produced spontaneously in cancer patients (Boon et al., 1994).
However, even when T cell responses occurred, they rarely provided protective immunity nor could they be mobilized to provide
a basis for therapy.
As demonstrated by elegant analyses of cancer in mice, the
continued deletion of cancer cells expressing T cell targets
(immune editing) may enable cancers to evolve to avoid attack
(Dunn et al., 2002). Despite these findings, recent results from
human cancer have demonstrated that overcoming negative
regulators to T cell responses in lymphoid organs (checkpoints)
and in the tumor bed (immunostat function) are likely to explain
the failure of immune protection in many patients (Mullard,

2013). Factors in the tumor microenvironment can act to modulate the existing activated antitumor T cell immune response,
acting as an immune rheostat or ‘‘immunostat.’’ This class of
molecules, including PD-L1:PD-1 (reviewed in Chen et al.,
2012; Topalian et al., 2012a), emphasizes that the immune
response in cancer reflects a series of carefully regulated events
that may be optimally addressed not singly but as a group. The
challenge now is to use this new understanding to develop
new drugs and implement clinical strategies.
The articles contained in this issue each address key aspects
of how the immune response can control or be manipulated to
enhance anticancer immunity (Galon et al., 2013; Kalos and
June, 2013; Motz and Coukos, 2013; Palucka and Banchereau,
2013; van den Boorn and Hartmann, 2013; Zitvogel et al.,
2013). Here, we will integrate this information and consider
how it might best be used in clinical development.
The Cancer-Immunity Cycle
For an anticancer immune response to lead to effective killing of
cancer cells, a series of stepwise events must be initiated and
allowed to proceed and expand iteratively. We refer to these
steps as the Cancer-Immunity Cycle (Figure 1). In the first step,
neoantigens created by oncogenesis are released and captured
by dendritic cells (DCs) for processing (step 1). In order for this
step to yield an anticancer T cell response, it must be accompanied by signals that specify immunity lest peripheral tolerance to
the tumor antigens be induced. Such immunogenic signals might
include proinflammatory cytokines and factors released by dying
tumor cells or by the gut microbiota (Figure 2, Table 1). Next, DCs
present the captured antigens on MHCI and MHCII molecules to
T cells (step 2), resulting in the priming and activation of effector
T cell responses against the cancer-specific antigens (step 3)
that are viewed as foreign or against which central tolerance
has been incomplete. The nature of the immune response is
determined at this stage, with a critical balance representing
the ratio of T effector cells versus T regulatory cells being key
to the final outcome. Finally, the activated effector T cells traffic
Immunity 39, July 25, 2013 ª2013 Elsevier Inc. 1
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Figure 1. The Cancer-Immunity Cycle
The generation of immunity to cancer is a cyclic process that can be self propagating, leading to an accumulation of immune-stimulatory factors that in principle
should amplify and broaden T cell responses. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which
can halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and
ending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Abbreviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.

to (step 4) and infiltrate the tumor bed (step 5), specifically recognize and bind to cancer cells through the interaction between its
T cell receptor (TCR) and its cognate antigen bound to MHCI
(step 6), and kill their target cancer cell (step 7). Killing of the cancer cell releases additional tumor-associated antigens (step 1
again) to increase the breadth and depth of the response in subsequent revolutions of the cycle. In cancer patients, the CancerImmunity Cycle does not perform optimally. Tumor antigens may
not be detected, DCs and T cells may treat antigens as self rather
than foreign thereby creating T regulatory cell responses rather
than effector responses, T cells may not properly home to
tumors, may be inhibited from infiltrating the tumor, or (most
importantly) factors in the tumor microenvironment might suppress those effector cells that are produced (reviewed by Motz
and Coukos, 2013).
The goal of cancer immunotherapy is to initiate or reinitiate a
self-sustaining cycle of cancer immunity, enabling it to amplify
and propagate, but not so much as to generate unrestrained
autoimmune inflammatory responses. Cancer immunotherapies
must therefore be carefully configured to overcome the negative
feedback mechanisms. Although checkpoints and inhibitors are
built into each step that oppose continued amplification and can
2 Immunity 39, July 25, 2013 ª2013 Elsevier Inc.

dampen or arrest the antitumor immune response, the most
effective approaches will involve selectively targeting the ratelimiting step in any given patient. Amplifying the entire cycle
may provide anticancer activity but at the potential cost of
unwanted damage to normal cells and tissues. Many recent clinical results suggest that a common rate-limiting step is the immunostat function, immunosuppression that occurs in the tumor
microenvironment (Predina et al., 2013; Wang et al., 2013).
Initiating Anticancer Immunity: Antigen Release,
Presentation, and T Cell Priming
Attempts to activate or introduce cancer antigen-specific T cells,
as well as stimulate the proliferation of these cells over the last 20
years, have led to mostly no, minimal or modest appreciable
anticancer immune responses. The majority of these efforts
involved the use of therapeutic vaccines because vaccines can
be easy to deploy and have historically represented an approach
that has brought enormous medical benefit (reviewed by Palucka and Banchereau, 2013). Yet, cancer vaccines were limited
on two accounts. First, until recently, there was a general lack of
understanding of how to immunize human patients to achieve
potent cytotoxic T cell responses. This limitation reflects
continued uncertainties concerning the identities of antigens to
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Figure 2. Stimulatory and Inhibitory Factors in the Cancer-Immunity Cycle
Each step of the Cancer-Immunity Cycle requires the coordination of numerous factors, both stimulatory and inhibitory in nature. Stimulatory factors shown in
green promote immunity, whereas inhibitors shown in red help keep the process in check and reduce immune activity and/or prevent autoimmunity. Immune
checkpoint proteins, such as CTLA4, can inhibit the development of an active immune response by acting primarily at the level of T cell development and
proliferation (step 3). We distinguish these from immune rheostat (‘‘immunostat’’) factors, such as PD-L1, can have an inhibitory function that primarily acts to
modulate active immune responses in the tumor bed (step 7). Examples of such factors and the primary steps at which they can act are shown. Abbreviations are
as follows: IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; CDN, cyclic dinucleotide; ATP, adenosine triphosphate; HMGB1, high-mobility group
protein B1; TLR, Toll-like receptor; HVEM, herpes virus entry mediator; GITR, glucocorticoid-induced TNFR family-related gene; CTLA4, cytotoxic T-lympocyte
antigen-4; PD-L1, programmed death-ligand 1; CXCL/CCL, chemokine motif ligands; LFA1, lymphocyte function-associated antigen-1; ICAM1, intracellular
adhesion molecule 1; VEGF, vascular endothelial growth factor; IDO, indoleamine 2,3-dioxygenase; TGF, transforming growth factor; BTLA, B- and T-lymphocyte
attenuator; VISTA, V-domain Ig suppressor of T cell activation; LAG-3, lymphocyte-activation gene 3 protein; MIC, MHC class I polypeptide-related sequence
protein; TIM-3, T cell immunoglobulin domain and mucin domain-3. Although not illustrated, it is important to note that intratumoral T regulatory cells, macrophages, and myeloid-derived suppressor cells are key sources of many of these inhibitory factors. See text and Table 1 for details.

use, their mode of delivery, the types of adjuvants required, and
the proximal characteristics of the desired T cell response
(Palucka and Banchereau, 2013). Second, the presence of the
immunostat in the tumor microenvironment may dampen or
disable antitumor immune responses before clinically relevant
tumor kill can occur. Thus, as long as these negative signals
are in place, the prospects for vaccine-based approaches
used alone are likely to be limited.
Although vaccination can accelerate the anticancer immunity
in the context of treatments that suppress negative regulators
(Palucka and Banchereau, 2013), a number of significant challenges need to be overcome. First is the identification of the
appropriate tumor antigens to include in any vaccine. A large,
monovalent antigen trial (using the C-T antigen MAGE-A3) is
currently under way (Kruit et al., 2013; Vansteenkiste et al.,
2013), yet it is not clear that any one candidate will necessarily

generate sufficiently robust T cell responses in all patients. Moreover, a single antigenic target, especially one not derived from a
protein that is an inherent oncogenic driver, seems more likely to
enable resistance by antigenic drift (immune editing) than a
multivalent vaccine (Palucka and Banchereau, 2013).
Deciding how to configure multivalent vaccines is itself a daunting challenge. It may be insufficient to rely entirely on sequencing
the expressed tumor genome looking for point mutations, translocation fusions, or C-T antigens. Not only might this vary from
patient to patient or even from cell to cell within a single patient’s
tumor, expression at the messenger RNA or protein level does not
assure that predicted antigenic peptides will be generated and
expressed as peptide-MHCI complexes, especially in the face
of the allelic complexity in the MHC. Several groups are actively
approaching this problem by using a combination of informatics
and mass spectroscopy of peptides eluted from MHCI molecules
Immunity 39, July 25, 2013 ª2013 Elsevier Inc. 3
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Table 1. Cancer-Immunity Cycle: Examples of Positive and Negative Regulators at Each Step
Steps

(+) Stimulators

( ) Inhibitors

Other Considerations

Example References

1. Release of cancer
antigens

Immunogenic or necrotic
cell death

Tolergenic or apoptotic
cell death

Tumor-associated
neoantigens and cancer
testis antigens

Ferguson et al., 2011

2. Cancer antigen
presentation

d Proinflammatory cytokines
(e.g., TNF-a, IL1, IFN-a)
d Immune cell factors:
CD40L/CD40
d Endogenous adjuvants
released from dying tumors:
CDN (STING ligand), ATP,
HMGB1
d Gut microbiome products:
TLR ligands

IL-10, IL-4, IL-13

Dendritic cell maturity

Lippitz, 2013;
Mellman et al., 2011

3. Priming and activation

CD28:B7.1, CD137 (4-1BB)/
CD137L, OX40:OX40L,
CD27:CD70, HVEM, GITR,
IL-2, IL-12

CTLA4:B7.1, PD-L1:PD-1,
PD-L1:B7.1, prostaglandins

Central tolerance, T cell
repertoire, T regulatory
cells

Franciszkiewicz et al., 2012;
Lippitz, 2013;
Riella et al., 2012;
So et al., 2006

4. Trafficking of T cells
to tumors

CX3CL1, CXCL9, CXCL10,
CCL5

5. Infiltration of T cells
into tumors

LFA1:ICAM1, selectins

VEGF, endothelin B receptor

Franciszkiewicz et al., 2013

6. Recognition of cancer
cells by T cells

T cell receptor

Reduced peptide-MHC
expression on cancer cells

Mellman et al., 2011

7. Killing of cancer cells

IFN-g, T cell granule
content

PD-L1:PD-1, PD-L1:B7.1,
TIM-3:phospholipids, BTLA,
VISTA, LAG-3, IDO, Arginase,
MICA:MICB, B7-H4, TGFb

Franciszkiewicz et al., 2012;
Peng et al., 2012

on both cell lines and primary tumors (Kasuga, 2013; Rammensee
et al., 2002; Segal et al., 2008). In principle, this information can be
used to guide the formulation of multivalent vaccines, although it
does not necessarily address the problem of how to identify MHC
class II epitopes that may be required to provide CD4 T cell help
that might be needed to produce protective CD8 responses. The
use of intact proteins as an immunogen may help mitigate this
issue. Moreover, it has thus far proved difficult to identify MHCIbound peptides that harbor point mutations that could selectively
target T cell responses to cancer cells, which is unfortunate given
that targeting somatic mutations should reduce the chances of
generating autoimmunity or the need to overcome central tolerance (Mellman et al., 2011). Even assuming the correct antigens
are in hand, how best to deliver them to patients remains a critical
unknown. Peptides in emulsified vehicles represent a common
and accessible approach, but in the absence of compelling positive controls for any vaccine, it is impossible to know whether it is
an effective approach. Other strategies include direct targeting to
DCs, adoptive transfer of antigen-loaded DCs or tumor cells, recombinant viral vectors, and bacterial vectors (especially Listeria;
reviewed in Kalos and June, 2013; Palucka and Banchereau,
2013). Work must continue evaluating each of these looking for
pharmacodynamic read-outs of CD8 T cell responses. With the
clinical success of anti-PD-L1 and anti-PD-1 antibodies, it should
now be possible to evaluate different vaccines, adjuvants, and
delivery approaches in combination and therefore under conditions that should enhance the ability to judge their relative
efficacies with common clinical read-outs, such as partial or
complete responses in established tumors.
4 Immunity 39, July 25, 2013 ª2013 Elsevier Inc.

T regulatory cells,
myeloid-derived
suppressor cells, M2
macrophages, hypoxia

Chen et al., 2012;
Greaves and Gribben, 2013;
Mellman et al., 2011;
Topalian et al., 2012a

Work on vaccines should continue in a systematic fashion with
human studies, because animal models are unlikely to validate
the best path forward (Davis, 2012). It is also unlikely that the
best vaccine approaches will differentiate themselves any time
soon, given the lack of direct comparisons in clinical studies.
This represents a substantial logistical challenge to incorporating vaccination as part of a drug development plan. Not only
are such trials long and expensive, but they also represent only
one of many potential combinations that are competing to be
evaluated in conjunction with other immunotherapies (Vanneman and Dranoff, 2012).
Therapeutic vaccination is not the only approach to accelerating and expanding the production of T cell immunity. Because
anticancer T cells can be produced spontaneously, there is a
growing appreciation that the tumor itself represents a type of
endogenous vaccine. Accessing the naturally occurring source
of cancer-associated antigens avoids problems associated
with selection and delivery (Heo et al., 2013; van den Boorn
and Hartmann, 2013). This approach is also convenient, but
achieving it requires detailed knowledge around whether standard of care chemotherapy or targeted therapies are compatible
with immunotherapies. Some therapies are thought to cause
tumor cell death in a fashion that promotes immunity (reviewed
in Zitvogel et al., 2013). However, it is unclear whether this effect
can be accurately predicted and will, in any event, require empirical study. Chemotherapy, radiation therapy, and targeted therapies must also be evaluated for their effects on the immune
system. Although it is assumed that many might be antagonistic,
there are some reports that others might promote T cell activity
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Table 2. Inhibitors of PD-L1 or PD-1 Currently Being Developed in Oncology
Therapeutic

Interaction
Inhibited

Development

Lead Company

Antibody Type

Affinity/Kd

MPDL3280A Herbst et al., 2013.

Genentech/Roche

Engineered IgG1
(no ADCC)

0.4 nM

PD-L1:PD-1
PD-L1:B7.1

Broad (lung pivotal)

MEDI-4736 Stewart et al., 2011.

AstraZeneca

Modified IgG1
(no ADCC)

Not available

PD-L1:PD-1
PD-L1:B7.1

Phase I

Nivolumab Brahmer et al., 2010.

Bristol-Myers
Squibb

IgG4

2.6 nM

PD-L1:PD-1
PD-L2:PD-1

Broad (lung, melanoma,
RCC pivotal)

Lambrolizumab Patnaik et al., 2012.

Merck & Co

IgG4 (humanized)

29 pM

PD-L1:PD-1
PD-L2:PD-1

Broad (melanoma pivotal)

Pidilizumab Rotem-Yehudar et al., 2009;
Westin et al., 2012.

CureTech

IgG1 (humanized)

Not available

AMP-224 Smothers et al., 2013.

GlaxoSmithKline

PD-L2 IgG1 Fc
fusion

Not available

Anti-PD-L1

Anti-PD-1

(Demaria et al., 2005; Duraiswamy et al., 2013; Hiniker et al.,
2012; Ott et al., 2013; Postow et al., 2012; Stagg et al., 2011; Zitvogel et al., 2013).
Bypassing Vaccination by Adoptive T Cell Therapy
Another exciting development is that the initial demonstrations
that genetically modified autologous T cells could be reinfused
into patients to yield substantial clinical benefit, at least in certain
B cell malignancies (Grupp et al., 2013; reviewed in Kalos and
June, 2013). The most well developed of these is the use of
‘‘CARs,’’ or chimeric antigen receptors, in which a patient’s
T cells are transfected with a construct encoding an antibody
against a tumor surface antigen (typically CD19) fused to T cell
signaling domains (Kochenderfer and Rosenberg, 2013). Similar
approaches are under investigation with recombinant T cell
receptors (reviewed in Kalos and June, 2013). The procedure
avoids the need for immunization and may even overcome
mechanisms of immune suppression by overwhelming the system through infusion of large quantities of the modified T cells.
This can force the revolution of the Cancer-Immunity Cycle,
enhancing the accumulation of stimulatory immune factors,
and potentially promotes eventual self-propagation of the cycle.
The potential limitations here, which are yet to be fully determined, include whether the approach can be extended to cancers beyond hematologic malignancies, whether the delivery of
large numbers of monospecific T cells will cause resistance
due to antigenic drift, and whether the toxicity issues already
identified can be safely managed.
T Cell Priming and Activation
Whether tumor antigens are delivered exogenously or are
captured and presented by DCs endogenously, another strategy
for intervening in the Cancer-Immunity Cycle involves the control
of T cell activation. This is the presumed primary mechanism of
action of anti-CTLA4 antibodies, such as ipilimumab, which
blocks the interaction of the major negative regulator of T cells
(CTLA4) with its ligands B7.1 and B7.2 (CD80 and CD86; Qureshi
et al., 2011). Thus, during antigen presentation in lymphoid
organs (or in the periphery), the expansion of T cell responses
is disinhibited, thereby promoting the production of autoreactive
T cells, including tumor-specific T cells. The lack of selectivity in

Broad
PD-L1:PD-1
PD-L2:PD-1

Phase I

T cell expansion combined with the fundamental importance of
CTLA4 as a checkpoint may underlie the significant immunerelated toxicities seen in patients treated with ipilimumab (Hodi
et al., 2010).
Nevertheless, the ability of this ‘‘lever’’ to create durable clinical responses in some patients has triggered a great deal of
effort to seek other immune modulators; modulators that can
achieve what ipilimumab can, but in a more selective and
controllable fashion that will provide the potential for greater efficacy and frequency of response, with less autoimmune-related
toxicity. In addition, the combination of ipilimumab with agents
that modulate complimentary steps on the Cancer-Immunity Cycle are already underway (Karan and Van Veldhuizen, 2012; Madan et al., 2012), and preliminary results from combinations that
inhibit tumor immunosuppression appear very promising in
enhancing both antitumor immune responses and autoimmune
toxicity (see below).
Immunostat Blockade: PD-L1 and PD-1
The identification of PD-L1 as a distal immune modulator
expressed in 20%–50% of human cancer (Herbst et al., 2013)
has led to the development of a number of cancer immunotherapies that target the interactions between PD-L1:PD-1, PDL1:B7.1, and PD-L2:PD-1 (Table 2; reviewed in Chen et al.,
2012; Topalian et al., 2012a). Anti-PD-L1 and anti-PD-1 monotherapy response rates have been presented for over 750 patients (ranging from 13% to 38%) treated across a broad range
of human cancer types. Agents tested as monotherapy include
MPDL3280A (anti-PDL1; Genentech/Roche; Cho et al., 2013;
Hamid et al., 2013b; Herbst et al., 2013; Powderly et al., 2013;
Spigel et al., 2013; Tabernero et al., 2013), nivolumab (anti-PD1; Bristol Myers Squibb; Brahmer et al., 2013; Drake et al.,
2013; Sznol et al., 2013; Topalian et al., 2013), and lambrolizumab (anti-PD-1; Merck; Hamid et al., 2013a). Antitumor activity
of the PD-L1- and PD-1-targeted therapies that utilize an engineered immunoglobulin G1 (IgG1) (MPDL3280A; modified to
eliminate ADCC by altering FcgR binding; Herbst et al., 2013)
or IgG4 antibody (nivolumab and lambrolizumab; expected to
reduce ADCC; Isaacs et al., 1996) backbone have resulted in
particularly rapid antitumor activity, with some responses
Immunity 39, July 25, 2013 ª2013 Elsevier Inc. 5
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observed within days of starting treatment. These data suggest
that, for many human cancers, the Cancer-Immunity Cycle is
intact up to the point of tumor cell killing by T cells, which can
be potently restrained by PD-L1. Once the PD-L1:PD-1 interaction is blocked, preexisting anticancer T cells can have their
effector function rapidly restored. This is consistent with the proposed mechanism of action of this negative regulator, where PDL1 (expressed either on tumor cells or on tumor-infiltrating immune cells) binding to PD-1 on activated effector T cells causes
the recruitment of the phosphatase SHP-2 and subsequent inactivation of the PI3 kinase-signaling cascade (Chemnitz et al.,
2004; Parry et al., 2005). These events block the secretion or production of cytotoxic mediators required for killing. However, this
block appears to be rapidly reversible once the inhibition is lifted.
Most importantly, the PD-L1 and PD-1 antagonists have
exhibited significant response rates, and largely unprecedented
durable responses. In melanoma, the anti-PD-1 antibody nivolumab has reported an overall response rate (ORR) of 31% (33/
107) and a duration of response of 18.4 to 117.0+ weeks (Sznol
et al., 2013), whereas lambrolizumab reported an ORR of 38%
and duration of response of 1.9 to 10.8 months (Hamid et al.,
2013a). Across a broad range of human cancers, which included
lung, colon, head and neck, and gastric cancers in addition to
melanoma and renal cell carcinoma, the anti-PD-L1 antibody
MPDL3280A had an ORR of 21% (29% in melanoma, 22% in
lung cancer) with 26 of 29 responses ongoing at the time of the
report (time from starting treatment ranged from 3 to 15+
months) (Herbst et al., 2013; Hamid et al., 2013b; Spigel et al.,
2013). Additionally, the safety profile of these agents suggests
that while many cancer types express PD-L1 to inhibit anticancer
immune responses, most patients do not have underlying autoimmunity inhibited only by PD-L1 expression (Francisco et al.,
2010). Grade 3-4 treatment-related adverse events were noted
to occur in 13% to 21% of patients treated (Hamid et al.,
2013a; Herbst et al., 2013; Sznol et al., 2013). The majority of reported cases have been readily manageable with supportive
care or by immune suppression with steroid administration.
This is in stark contrast to the safety profiles of most therapies
that target more proximal steps in the Cancer-Immunity Cycle
(e.g., anti-CTLA4; Hodi et al., 2010) and might hint at the benefits
of specifically targeting the properties of cancer that inhibit the
immune response rather than nonspecific activation of the immune system. Although it is still relatively early in the development of these inhibitors (phase II/III trials are underway), the
fact that three different antibodies have yielded such results
greatly increases the confidence in a positive outcome.
From a drug development and clinical care perspective, the
activity observed with anti-PD-L1 or anti-PD-1 is clear. Robust
single-agent activity was observed rapidly and for extended durations without identified off-target toxicity (Topalian et al., 2013).
This situation is distinct from the majority of other agents under
investigation (or approved) in oncology, except for a select group
of small-molecule inhibitors that target driver oncogenic translocations or mutations (e.g., imatinib for BCR-Abl [Lin et al., 2013],
crizotinib for ALK translocations [Rothschild and Gautschi,
2013], vemurafenib [Huang et al., 2013], and dabrafenib [Huang
et al., 2013] for the V600E BRAF mutation and erlotinib for mutant
EGF receptor [Bulgaru et al., 2003]). Therefore, extended trials
looking for incremental effects or complex combination ap6 Immunity 39, July 25, 2013 ª2013 Elsevier Inc.

proaches should not be necessary. Furthermore, the potential
for biomarker-driven patient selection to optimize treatment
benefit appears promising and might distinguish patients most
likely to have strong benefit from the inhibition of PD-L1:PD-1
as monotherapy opposed to those that may most likely require
a different or combinatorial approach (Powderly et al., 2013;
Topalian et al., 2013). These results also emphasize the likely
importance of immunosuppression in the natural history of cancer. Unfortunately, as the clinical trial data to date confirm, the
majority of patients will not respond or will respond only incompletely to PD-L1 or PD-1 inhibitors. Because multiple other
mechanisms of immunosuppression are known that may work
together or in parallel with PD-L1:PD-1-mediated inhibition,
there is a need to pursue other potential agents that exhibit the
same profile of rapid, substantial responses. For example,
many tumors are characterized by significant infiltration by T regulatory cells, and targeting these may prove to be a fruitful
approach (Jacobs et al., 2012). It is possible that even ipilimumab works, at least in part, by causing T regulatory cell (Treg)
depletion.
Combination Immune Therapies
It is reasonable to suspect that immunotherapy approaches,
from vaccines to CARs, would be more effective when given in
combination with a PD-L1 or PD-1 inhibitor (Goding et al.,
2013; West et al., 2013). By disabling the immune inhibition in
the tumor microenvironment, approaches that target earlier
steps in the Cancer-Immunity Cycle (steps 1–6) are more likely
to lead to cancer cell killing. Conversely, PD-L1 or PD-1 inhibition
may not be sufficient for optimal antitumor activity in some
patients, particularly those that do not demonstrate evidence
of tumor immune cell infiltration (Gajewski et al., 2011, 2013; Gajewski, 2012). PD-L1- and PD-1-targeted therapies suggest that
in patients whose tumors express PD-L1, the proximal steps of
the Cancer-Immunity Cycle are intact and may not require further
enhancement. These patients are most commonly the patients
who exhibit rapid and durable response to PD-L1 or PD-1 inhibition. However, although some PD-L1-negative tumors still
respond to PD-L1 or PD-1 monotherapy, the majority of tumors
do not (Powderly et al., 2013; Grosso et al., 2013). This outcome
can be indicative of patients who have a defect in steps 1 to 6 of
the Cancer-Immunity Cycle and may be most commonly a
defect in cancer antigen-specific T cell activation or infiltration
of T cells into tumors (Powderly et al., 2013). However, more
data from human tumors are likely to be necessary to further
elucidate what critical breaks in the cycle are most prominent
in different human cancers.
One approach, combining a CTLA4 targeted therapy (ipilimumab) with a PD-1-targeted inhibitor (nivolumab), appears to
enhance the immune activity in patients over either therapy alone
in an early phase study (Wolchok et al., 2013). Anti-CTLA4 can
lead to enhanced priming and activation of antigen-specific
T cells and potentially clearance of regulatory T cells from the
tumor microenvironment (Table 1). The blocking of PD-L1 or
PD-1 can remove the inhibition of cancer cell killing by T cells
(Figure 3). By inhibiting two targets that affect two steps in the
Cancer-Immunity Cycle, rapid and deep responses (by modified
WHO criteria) were observed in patients with melanoma (ORR:
40% [21/52]; CR: 10% [5/52]). Immune-related toxicities were
also enhanced in their magnitude, frequency, and onset (53%
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Figure 3. Therapies that Might Affect the Cancer-Immunity Cycle
The numerous factors that come into play in the Cancer-Immunity Cycle provide a wide range of potential therapeutic targets. This figure highlights examples of
some of the therapies currently under preclinical or clinical evaluation. Key highlights include that vaccines can primarily promote cycle step 2, anti-CTLA4 can
primarily promote cycle step 3, and anti-PD-L1 or anti-PD-1 antibodies can primarily promote cycle step 7. Although not developed as immunotherapies,
chemotherapy, radiation therapy, and targeted therapies can primarily promote cycle step 1, and inhibitors of VEGF can potentially promote T cell infiltration into
tumors—cycle step 5. Abbreviations are as follows: GM-CSF, granulocyte macrophage colony-stimulating factor; CARs, chimeric antigen receptors.

Grade 3-4 treatment-related toxicities). Although many of these
were serious and required treatment, therapy discontinuation,
or hospitalization, the durable partial and complete responses
in melanoma may warrant this approach in some patients. In
particular, combination therapy appeared to most dramatically
benefit patients who were less likely to benefit from PD-L1 or
PD-1 inhibition alone, because their tumors were PD-L1-negative (6/13 PD-L1-positive and 9/22 PD-L1-negative patients responded to combination therapy; Wolchok et al., 2013). The
addition of a CTLA4-targeted therapy may be completing the
defect in the Cancer-Immunity Cycle for patients who are PDL1-negative. Further studies of preipilimumab and on ipilimumab
treatment tumor samples are warranted to better understand this
effect.
Other combinations that merit serious consideration include
anti-PD-L1 or anti-PD-1 with vaccination, especially if it becomes possible to monitor a patient’s T cell profile to distinguish
individuals who have generated suboptimal T cell responses to
their cancers (Duraiswamy et al., 2013; Ge et al., 2013). In addition, combinations with agents that will enhance T cell trafficking
and infiltration into the tumor bed should be explored vigorously,
because the entry step may be important in some patients. In this

class, inhibition of VEGF by the anti-VEGF antibody bevacizumab appears to be a promising candidate based on hints from
the preclinical and clinical literature (Motz and Coukos, 2013;
Hodi et al., 2010). Similarly, B-Raf inhibitors (vemurafenib) may
also enhance T cell infiltration into tumors (Liu et al., 2013). Of
course, with increased activity due to combinations comes the
increased chance for additive or synergistic toxicity. This further
highlights the importance of selecting therapeutic targets that
are specific to the ability of a tumor to escape immune eradication over targets that may also play an important role in mediating
immune homeostasis and preventing autoimmunity.
Concluding Remarks
The objective of understanding the inherent immune biology
related to cancer is to better define strategies to harness the
human immune response against cancer to achieve durable responses and/or complete eradication of cancer in patients
safely. Multiple approaches to cancer therapy exist, and few
are as complicated as immune-based therapy. Multiple numbers
of systemic factors can effect or contribute to the success or failure of immune therapy and lends to this complexity. Results may
be confounded by many currently unmeasured variables,
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including any given patient’s gut microbiome, their diet, and
whether they contract an underlying infection (Brestoff and Artis,
2013; James et al., 2012, Rothman and Paterson, 2013; Xu et al.,
2012). Yet, as complicated and incompletely understood human
immunology may be, the immune response to cancer may be
less complicated and less protean than the biology of cancer
cells themselves.
The early data from clinical studies of immune-based therapies suggest durable activity that few cancer therapies can
approximate. The immune response can be rapid, durable, and
adaptable. Once activated, it has the potential to be self-propagating (for example, see Hamid et al., 2013a). These characteristics may preempt the development of secondary resistance seen
with most cancer therapies. In fact, with each revolution of the
cycle, not only can an accumulation of immune stimulatory factors occur (Powderly et al., 2013), reinforcing the ongoing antitumor immune response, but it can also stimulate the generation
of new antitumor immune responses by promoting antigen
spreading (for example, see Corbière et al., 2011). As much as
immune responses can completely and safely eradicate viral
infections, the goal of cancer immunotherapy should remain
the complete and safe eradication of cancer from individual
patients. Meeting this objective may require only monotherapy
approaches in some patients, whereas others may require combined therapies. By understanding the biology present in specific
patients, immune-related biomarkers may allow us to map out
the Cancer-Immunity Cycle for individual patients and enable
tailoring of specific immune therapies or combinations of immune therapies.
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