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The study of N-linked glycosylation as it relates to virus
biology has become an area of intense interest in recent
years due to its ability to impart various advantages to
virus survival and virulence. HIV and influenza, two clear
threats to human health, have been shown to rely on
expression of specific oligosaccharides to evade detec-
tion by the host immune system. Additionally, other
viruses such as Hendra, SARS-CoV, influenza, hepatitis
and West Nile rely on N-linked glycosylation for crucial
functions such as entry into host cells, proteolytic pro-
cessing and protein trafficking. This review focuses on
recent findings on the importance of glycosylation to
viral virulence and immune evasion for several promi-
nent human pathogens.

Viral modification by glycosylation
Glycans are perhaps one of the most important molecular
components of cells and confer a diversity of structure and
function that is still underappreciated. Although the field
of glycobiology has a nearly one-hundred year history that
began with investigations on the basic constituents of the
cell, a renaissance has occurred with the development of
tools to better understand and explore the role of glyco-
sylation in health and disease. The limited expression of
proteins by the mammalian genome has made clear the
importance and value of glycosylation as a post-transla-
tionalmodification for the diversity of protein function. The
past decade of research in this field has led to the elucida-
tion of the enzymes involved and the function and role that
they have in biological processes including cell adhesion,
receptor activation, signal transduction, molecular traf-
ficking and endocytosis. The current area of intensive
study in this field is the description of organismal gly-
comes, or the carbohydrate repertoire of an organism. It
has been estimated that the mammalian cell could have a
library of thousands of potential carbohydrate structures.
This range of diversity, although theoretically vast, is
likely to be constrained by mechanisms within the cell.

One of the most common forms of protein modification is
N-linked glycosylation, in which a high mannose core is
attached to the amide nitrogen of asparagine in the context
of the conserved motif Asn-X-Ser/Thr. This attachment
occurs early in protein synthesis, followed by a complex
process of trimming and remodeling of the oligosaccharide
during transit through the endoplasmic reticulum (ER)
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and Golgi (Figure 1). The result is a glycoprotein with
varying oligosaccharide structures. Viruses use this host
cell process to modify proteins present on their surface,
which ultimately impacts the role of the viral glycoproteins
in stability, antigenicity and host cell invasion. Here, we
review recent findings on the role of glycosylation in virus
biology and host response to viral infection. These results
provide a better understanding of carbohydrate in the
biology of infection and host response and additionally
provide potential avenues to explore better therapeutics.

Viral glycoproteins
Viruses co-opt cellular biosynthetic pathways to generate
their genetic and structural material, and several viruses
have been shown to take advantage of the cellular glyco-
sylation pathway to modify viral proteins. The majority of
recent evidence on virus utilization of glycosylation path-
ways has included descriptions of attachment of N-linked
oligosaccharides. This modification results in at least two
changes in the viral life cycle. First, N-glycosylation of
envelope or surface proteins can promote proper folding
and subsequent trafficking using host cellular chaperones
and folding factors. Of the viruses that have been studied
thus far, all of themused either calnexin and/or calreticulin
to facilitate the proper folding and handling of the viral
protein. Although the cell cannot distinguish between host
and viral proteins, one difference that is often seen is a
general increase in the level of glycosylation in many viral
glycoproteins. During viral evolution, sites are easily
added and deleted and with this potential diversity of
modification, the complexity of viral glycoproteins is
increased. Alteration of a site or sites of glycosylation
can have dramatic impacts on survival and transmissibil-
ity of the virus. Small changes can alter folding and
conformation, affecting portions of the entire molecule
[1–3]. Second, changes in glycosylation can affect inter-
action with receptors and cause a virus to be more recog-
nizable by the innate factors of host immune cells and less
recognized by antibody, thus impacting viral replication
and infectivity. Many viruses that impact human health
use glycosylation for important functions in pathogenesis
and immune evasion including influenza, HIV, hepatitis
and West Nile virus, among others.

Influenza
Influenza A virus is one of the most studied viruses
with respect to glycosylation. The surface proteins
ed. doi:10.1016/j.tim.2007.03.003
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Figure 1. Biosynthetic pathway for the generation of N-linked glycosylation. Processing of N-linked oligosaccharide occurs in the ER and Golgi. Following glucose trimming

in the ER, high mannose glycans are available for further processing and trimming by glycosidase and mannosidases to yield high-mannose, hybrid and complex glycan

structures.
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hemagglutinin (HA) and neuraminidase (NA) both use
glycosylation for a variety of important functions including
receptor binding, infectivity, virus release and neuroviru-
lence [4–10]. HA is the major surface glycoprotein on the
envelope of influenza and mediates attachment and entry
into the host through interactions with sialylated recep-
tors. HA undergoes post-translational, host-cell dependent
glycosylation that is crucial to the proper folding and
trafficking of the molecule during infection [11]. All HA
molecules are glycosylated to varying degrees, and con-
servation between strains and subtypes is generally not
seen [12]. The number of sites has been described to range
between five and 11 sites with themajority of sites residing
in the globular head of the molecule. In the human H3N2
subtype, additional sites have been introduced over the
past 30 years that increase the potential for elevated
glycosylation [13]. In recent years, the development of
reverse genetics and site-directed mutagenesis to con-
struct recombinant and reassortant viruses [14] has
allowed for more careful analysis of the role of glycosyl-
ation.

It is known that carbohydrate addition can have both
positive and detrimental effects on the virus. For example,
cleavage or ‘activation’ of the HA by host proteases is the
first step in influenza entry into a cell and the susceptibility
of the HAmolecule to specific cellular proteases determines
the tissue tropismandvirulenceof thevirus. If carbohydrate
is positioned close to the HA cleavage site, the glycan can
preventproteaseaccessandvirusentry.Therefore, cleavage
can only occur easily when this site is unoccupied by carbo-
hydrate [15,16]. Alternatively, work from Klenk et al. illus-
trates that carbohydrates positioned near the receptor
binding site are crucial to the replication and release of
www.sciencedirect.com
the virus [5] in amechanismwhere glycosylationmodulates
binding affinity and controls receptor specificity [4]. Carbo-
hydrate positioned around the globular head can mask
antigenic sites from immune recognition. The latter
example is believed to be the mechanism for antigenic drift
inH3N2viruseswhere successive glycosylation events have
potentially created a glycan shield that prevents accessi-
bility and recognition of antibody.Evidence for this viewhas
come from studies where successively adding additional
Asn-X-Ser/Thr sites for potential glycosylation by site-
directedmutagenesis reveal the ability of the virus to evade
the host response without negatively impacting survival
and biological activity [9]. The addition of increased carbo-
hydrate onto the globular head of the HAmolecule of H3N2
viruses resulted in some decrease to receptor binding but
had no effect on fusion activity. Importantly, however, these
viruses were now more resistant to antibody recognition.
The effect of carbohydrate was especially important when
looking at the interaction of HA and NA by showing that a
balance is needed between receptor binding activity and
virusrelease.AviruscontainingHAwith little carbohydrate
modification can tightly bind the receptor requiring greater
NA activity to promote particle release. Conversely, an HA
with more extensive glycosylation interacts weakly with
receptors and requires a less active NA to facilitate release.
Overall, HA depends on a balance of glycosylation to med-
iate proper folding, interaction of virus with receptor and
efficient particle release. Although additional glycosylation
ofH3HAdoesnotnegatively impact function, theadditionof
glycosylation to the globular head of H2 HA does affect
receptor binding and fusion activity [7,8]. H2N2 viruses
have been seen infrequently and have been present in
humans for a shorter period of time compared to the
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H1 and H3 influenza viruses. As a consequence, the
oligosaccharide content has changed very little since H2
viruseswere first encountered, suggesting that the increase
in carbohydrate reduces the biological activity of the virus
and therefore decreases the ability to replicate in humans.

HIV
HIV-1 is a highly mutagenic and variable virus from the
Retroviridae family of viruses that contains multiple sub-
types or clades that are further distinguished by wide
intra-clade variation. The envelope protein (gp120) of
HIV-1 is one of the most heavily glycosylated proteins in
nature, with many of high mannose composition. Because
glycosylation is important to the bioactivity of many
proteins, the suggestion that surface carbohydrate on
the mature gp120 molecule has a direct role in the inter-
action with gp120 and CD4 has been explored. Early
studies suggested that the loss of glycan diminishes the
binding of the virus to CD4 but does not abolish the
interaction [17,18]. As a consequence of reduced inter-
action with CD4, cell infectivity and cytopathicity were
also reduced without much compromise to replication or
the ability of the host to become infected. More recent
studies have focused on defining the role that glycosylation
has in HIV-1 survival and immune evasion. A recent
survey of data from global HIV gp120 sequences showed
that the molecule had a range of possible N-linked glyco-
sylation sites of between 18 and 33 with a mean of 25 [19].
Sagar et al. have shown that sequences in the V1-V2
envelope loop add glycosylation during the course of infec-
tion to alter sensitivity to neutralizing antibody [20] and
Wolk et al. have shown that N-linked glycan within the V1-
V2 loop of fifteen variants of the HIV-1 NL4–3 gp120 is
indispensable to viral infectivity and reduced sensitivity to
serum antibody [21].

Neutralizing antibodies are one of themain components
of our immune response to pathogens. However, the role
that neutralizing antibodies have in the biology of HIV
infection is not altogether clear. The contribution of N-
glycan addition to protection is a question that remains
open because many glycans are highly conserved com-
ponents of gp120. For example, the broadly neutralizing
humanmonoclonal antibody 2G12 targets an epitope of the
gp120 molecule that contains high mannose and/or hybrid
glycans around residues 295, 332 and 392, with contri-
butions from peripheral glycans on 386 and 448 [22].
Analysis of this region of specificity by Calarese et al.
[23,24] has highlighted the importance of the D1 and D3
arms of Man9GlcNAc2 in the interaction with 2G12 neu-
tralizing antibody. The epitope was found to be composed
primarily of carbohydrate, is mannose-dependent and is a
highly conserved portion of gp120. The conservation of this
epitope in gp120 suggests a functional role in infection that
can be speculated to be related to the mannose-dependent
attachment of HIV-1 to the mannose receptor (MMR), DC-
SIGN or other lectins that could facilitate entry into host
cells. By contrast, a study by Wei et al. suggests that a
glycan shield formed from mutations and subsequent
addition of N-linked glycan can provide protection from
host neutralizing antibodies [25]. The study showed that
escape virus often contained variation in the env gene that
www.sciencedirect.com
involved the addition of N-linked glycan at positions that
were not known neutralization epitopes. These findings
suggested that the additions provide a mechanism of anti-
body evasion that did not affect the ability of the virus to
bind to cellular receptors. For the glycan shield to provide
protection from neutralizing antibody, multiple mutations
were required. This could suggest that glycosylation is a
contributor but not solely responsible for neutralizing
antibody resistance. A study by Frost et al. [26] suggests
that the escape from neutralizing antibody is promoted by
the accumulation of many amino acid substitutions and
that the rate of escape is highly variable among individ-
uals. The evolving glycan shield that is produced
represents a mechanism for viral persistence despite an
increasing antibody repertoire. For this reason, many
research groups are attempting to exploit the glycans of
gp120 in an attempt to make the virus more recognizable
and susceptible to immunological neutralization. One
example is illustrated by recent findings by Poon et al.
[27], who examined evolutionary interactions between
glycosylation sites in the HIV-1 envelope. The results of
the study suggest that the configurations in the HIV-1
glycan shield are limited by functional interactions
between glycan structures. Structurally, negative inter-
actions (exclusive) were found where glycans were closely
positioned and positive interactions (inclusive) were found
where glycans were some distance apart. These results
suggest a weakness in the HIV-1 population that might
provide additional targets for neutralizing antibody.

Drugs directed against the carbohydrate component of
the protein could potentially select for viruses that contain
deletions and unmask previously hidden epitopes. Several
groups have successfully used the antimalarial drugs
chloroquine and hydroxychloroquine in combination
therapy to reduce the viral load of HIV in patients [28–
31]. The suggestion has also been made that this approach
can be applied to other viruses that contain a glycosylated
envelope [32] because the mechanism of action of chlor-
oquine interferes with the viral life cycle at several stages.
First, chloroquine accumulates in the endosome and pre-
vents acidification, a process that is crucial to several
viruses in promoting fusion and entry into the cytoplasm.
Second, chloroquine can interfere with the activity of
glycosyltransferases in the ER andGolgi. This interference
results in improper carbohydrate addition and lack of
association with calnexin and calreticulin. Without assist-
ance from these two chaperone proteins, many viral
proteins will be misfolded and non-functional.

West Nile virus
West Nile virus (WNV), a member of the Flaviviridae
family of viruses, has recently become a pathogen of global
concern and interest. The envelope protein of WNV has an
important role in the replication andmaturation process of
the virus. Studies have suggested that the flavivirus envel-
ope protein E is involved in several biological activities
including receptor binding, membrane fusion and virus
assembly. The glycosylation of this protein has also been
proposed to be linked to neuroinvasiveness and replication
efficiency in several WNV strains [33–35]. Lad et al. have
also shown that glycosylation is important in maintaining
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the native conformation and expression of the E protein in
much the same way that glycosylation is important to the
conformation and folding of influenza HA [36]. More recent
data would suggest a further role for glycosylation in the
infectivity and particle assembly of WNV. Hanna et al.
have shown that there are two proteins (E and prM) in
WNV that are glycosylated and affect the efficiency of virus
release and infections in a manner that is both cell-type
dependent and species dependent [37]. Removal of glyco-
sylation on either the prM or E proteins results in a
decrease of sub-viral particle release. Interestingly, the
loss of glycosylation of the E protein resulted in virus that
was modestly more infectious per genome copy when used
to infect two cell types but was greatly enhanced in other
cells. These results suggest a role for envelope glycosyla-
tion in cell and tissue tropism and an importance in the
overall biology of WNV [37].

Other important human viral pathogens
The importance of N-glycosylation is not limited to the
pathogens described earlier; many viruses are dependent
on N-linked glycosylation for vital biological functions.
Enveloped viruses have integral envelope proteins that
participate in host–cell interactions such as receptor bind-
ing and internalization and, in most viruses, glycosylation
has a role in biogenesis, stability, antigenicity and infec-
tivity. For example, infectivity and intracellular transport
is heavily influenced by glycosylation in hepatitis C virus
(HCV). Investigations of the E1 protein in HCV, which
contains four glycosylation sites, showed that mutagenesis
of these sites impacted the translocation of the protein to
the cell surface [38]. Furthermore, this study showed that
glycosidase treatment of the E1 protein led to a 35%
decrease in the viral titer. Goffard et al. showed in a more
comprehensive study of several HCV envelope glyco-
proteins that the presence of glycan on someHCV envelope
glycoproteins has a role in protein folding while glycosyl-
ation of other HCV proteins has a role in virus entry
[39,40].

New and emerging viruses such as Ebola, Hantaan,
Newcastle, Hendra, Nipah, metapneumovirus and SAR-
S-CoV have all been shown to have N-linked glycosylation
Table 1. Viral protein glycan structure, function and host glycopro

Virus protein Glycan structure Ro

Influenza HA High mannose A

GlcNAc Re

G

HIV-1 gp120 High mannose A

Hybrid G

Sialic acid

Hepatitis C virus E1, E2 High mannose In

En

West Nile virus E High mannose Re

Fucose N

SARS-CoV S, M High mannose A

Hybrid A

GalNAc

Ebola GP High mannose In
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with vital roles in infectivity, protein folding, tropism,
proteolytic processing and immune evasion [41–49]. Inter-
estingly, in the case of Nipah virus, glycosylation has a
dual role: glycosylation leads to enhanced resistance to
antibody neutralization but alternatively causes a
reduction inmembrane fusion and viral entry [42]. Clearly,
inmany viruses the balance of glycosylation is important to
the proper protein functions and life cycle.

Impact of viral glycosylation on immune factor
interaction
It has become apparent that glycosylation in many
enveloped viruses is important to the biology of infection.
One of the early mechanisms for recognition of pathogens
is likewise dependent on the glycosylation state of the
pathogen. Over the past decade or so, an increased interest
has been directed at the identification of novel carbo-
hydrate recognition molecules that have been divided into
cell-associated and soluble categories. One family of note is
the calcium-dependent lectin group of molecules, examples
of which are the cell-associated macrophage mannose
receptor (MMR) and the dendritic cell-specific ICAM-3
grabbing non-integrin (DC-SIGN), the soluble lectins sur-
factant associated protein-A and -D (SP-A and SP-D), and
mannose binding lectin (MBL). Each of these has an
important role in the sensing and recognition of pathogens.
Within the immune system, these C-type lectins have been
shown to participate as pathogen recognition molecules
and adhesion receptors [50,51]. Normally, these molecules
would participate in the clearance of pathogens but several
viruses have subverted these molecules as vehicles of
binding and entry (Table 1 and Figure 2a).

Influenza A virus and HIV have been reported to use
MMR as a potential uptake receptor [52–54] (Figure 2a).
These findingsmight be especially important in the biology
of influenza because the virus requires delivery to an acidic
compartment for proper fusion. The MMR participates in
both endocytic and phagocytic uptake of proteins and
particles, and might provide a direct infection route for
influenza in addition to providing a mechanism of evasion
from macrophage recognition. The HCV E2 protein has
been found to associate withDC-SIGNand the related liver
tein interaction

le Host glycoprotein Refs
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lycan shield? MMR [52]

Gp340 [74,75]
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lycan shield SP-D [67]

DC-SIGN [46,78]

DC-SIGNR [46]

MMR [53]
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Figure 2. Glycan interactions result in virus neutralization, internalization or degradation. Interactions between virus envelope glycoprotein and host molecules comprise

several general interactions. (a) Virus glycan can interact with cell-surface-bound lectin molecules such as MMR and DC-SIGN to obtain entry into the target cell. (b) Lectin

binding to virus can lead to internalization of complexed virus into a degradative pathway for processing and presentation to the immune system. (c) Soluble lectin such as

SP-D or MMR can interact with virus glycans to neutralize virus infectivity and block associations with host cell receptors.
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lectin (L-SIGN) through high-mannose N-glycans. These
results suggest a possible mechanism for liver tropism and
dendritic cell tropism by illustrating two novel HCV bind-
ing receptors [55]. The presence of glycosylation on the prM
or E proteins of WNV is sufficient to allow for interaction
and uptake by DC-SIGN and DC-SIGNR. Davis et al. have
further shown that glycosylated WNV proteins display a
preference for DC-SIGNR, although the virus can attach to
both [56,57]. In these studies, the location of the glycosyl-
ation sites on the virion determined the types of glycan that
were incorporated and that then controlled the specificity
for either DC-SIGN or DC-SIGNR. DC-SIGNR recognized
viruses with broad specificity and DC-SIGN recognized
viruses with predominantly mannose-rich surfaces. Lin
www.sciencedirect.com
et al. have shown that Ebola virus glycoproteins with
high-mannose content interact with DC-SIGNR, whereas
those glycoproteins with complex glycan do not [46]. Marzi
et al. have shown that the signal peptide of Ebola and
Marburg virus glycoproteins has a role in the interactions
with both DC-SIGN and DC-SIGNR [58,59]. Finally, MMR
and DC-SIGN have been shown to bind and transmit HIV
to T-cells through interaction with the envelope glyco-
protein [53,54,60,61].

Gramberg et al.havealso recently shown that interaction
betweentheSARS-CoVSproteinandfilovirusglycoproteins
with the lectinLSECtin canenhance infection [62]. LSECtin
is a cell-associated lectin that is expressed from the same
chromosomal locus as DC-SIGN and is co-expressed in the
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liver and lymph nodes. Interestingly, this same study
showed that LSECtin does not interact with either HIV
or HCV envelope proteins, perhaps because LSECtin does
not recognize high-mannose glycan. The use of MMR, DC-
SIGN and LSECtin as attachment and potential entry
receptors could confer an additional advantage to viruses.
Cellular attachment to these receptorsmight augment viral
infection and promote viral dissemination between cell and
hosts. Because these receptors are resident on cells of the
innate immune system, an additional advantage of begin-
ning their life cycle in cells tasked with clearance of infec-
tious agents might make these agents invisible to immune
recognition for a short time.

As a counterpoint to the binding of various viruses to
DC-SIGN, solublemolecules such asMBL can bind to Ebola
and Marburg envelope glycoproteins and block the associ-
ation of both viruses with DC-SIGN. Similarly, SP-A and
SP-D can both interact with influenza to prevent the associ-
ation of the HA with its receptor. Binding of MMR, MBL or
SP-D to influenza A virus involves the carbohydrate recog-
nition domain of the molecule and high-mannose oligosac-
charides of the viral proteins hemagglutinin and
neuraminidase [63–66] and can potentially lead to intern-
alization of the lectin–virus complex and delivery of com-
plexed virus to degradative compartments for processing
and presentation by the immune system (Figure 2b). MMR
and SP-D can additionally bind to HIV and prevent entry
and replication [67]. As soluble recognition molecules of
innate immunity, these molecules are able to bind directly
to various viruses, including retroviruses and influenza
viruses, and can interfere with the association of virus with
its cognate receptor [64] (Figure 2c).

Concluding remarks and future perspectives
Glycosylation clearly has importance to both the pathogen
and the host.Many of the interactionsmight be a result of a
lack of adaptation by the virus. The viruses that have been
discussed in this article are recent pathogens of humans
and might not have been in circulation for a sufficient time
to have adapted. In the case of influenza, which is the
pathogen that has circulated in humans for the longest
period of time, the level of glycosylation has gradually
increased with a concomitant attenuation of disease. As
yet, all of these pathogens are of concern to global public
health and an understanding of the role of cellular pro-
cesses such as glycosylation in the biology of viral infection
is one step towards developing successful treatment strat-
egies. Much has been learned about the importance of
glycosylation to proper viral protein function and the
interaction between pathogen-associated carbohydrate
and portions of the innate and adaptive immune systems.
This knowledge can now be applied to the development of
novel therapies to strike at this vital element in virus
biology. Recently, investigators have discovered plant-
and bacterial-derived lectins that have high specificity
for the carbohydrate found on the virus surface. These
compounds, which include the cyanobacterial cyanovirin-
N (CV-N), plant lectins Urtica dioica agglutinin,
Galanthus nivalia and concanavalin A, can interfere with
attachment and also directly neutralize HIV-1 and influ-
enza virus in vitro [68–71]. The future of research in
www.sciencedirect.com
this area provides the ability to reveal avenues for new
antiviral therapeutics and prophylaxis against a wide
range of enveloped viruses that contain oligosaccharide-
rich membrane glycoproteins.
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