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Microbial immune evasion can be achieved through the
expression, or mimicry, of host-like carbohydrates on the
microbial cell surface to hide from detection. However,
disparate reports collectively suggest that evasion could
also be accomplished through the modulation of the host
glycosylation pathways, a mechanism that we call the
“Glyco-Evasion Hypothesis”. Here, we will summarize the
evidence in support of this paradigm by reviewing three
separate bodies of work present in the literature. We
review how infection and inflammation can lead to host
glycosylation changes, how host glycosylation changes can
increase susceptibility to infection and inflammation and
how glycosylation impacts molecular and cellular function.
Then, using these data as a foundation, we propose a unify-
ing hypothesis in which microbial products can hijack host
glycosylation to manipulate the immune response to the
advantage of the pathogen. This model reveals areas of re-
search that we believe could significantly improve our fight
against infectious disease.
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Introduction

There is a wealth of data across a broad section of the primary
literature that describes changes in glycosylation associated
with infection and inflammation (Magalhaes and Reis 2010;
Moran et al. 2011; Varki 2011). Likewise, abundant research
exists describing how glycosylation is linked to molecular and
cellular function within the immune system (Sato et al. 2009;
Davicino et al. 2011; Varki 2011). With the exception of the
congenital disorders of glycosylation, however, it is exceeding-
ly difficult to find studies in which infectious and inflammatory
disease-associated changes in glycosylation are experimentally
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linked to functional changes in the immune system. In contrast
to molecular mimicry where pathogens hide from the immune
system by alterations in the “microbial” carbohydrates to
appear “host-like” (reviewed elsewhere), this article is intended
to provide a conceptual framework that we call the
“Glyco-Evasion Hypothesis” in which we propose that
microbes can manipulate the immune response to their benefit
through the modulation of “host” glycosylation. In order to
reach this goal, we present sub-reviews on three bodies of re-
search that independently provide evidence for the key cellular
pathways we believe intersect within a single cohesive para-
digm. These sub-reviews are then used as the basis for the
formal presentation of our Glyco-Evasion Hypothesis and its
potential implications for future research and the fight against
infectious disease.

Glycome changes lead to infection/inflammation

In simple terms, the glycome represents the glycan structures
present on a given tissue, cell or molecule population.
Although it has been firmly established that changes in the
glycome are linked to disease, including inflammation and in-
fection, there continues to be a chicken-or-egg problem in our
understanding. Do changes in host glycosylation lead to in-
flammation or does infection-induced inflammation/innate sig-
naling cause changes in host glycosylation? Based on the
published record thus far, the answer appears to be both.

Many glycosylation-related knockout mice have been gener-
ated over the last two decades, though not all of these genetic
changes are tolerated. Some of these gene knockouts are em-
bryonic or newborn lethal in mice (Marek et al. 1999; Shafi
et al. 2000; Wang et al. 2001; Ye and Marth 2004), which is
mirrored in the human population by the rarity of survival and
severity of pathologies associated with the congenital disorder
of glycosylation (CDG) diseases (Jacken 2010; Freeze and Ng
2011). These data alone show the importance of glycans in
physiology as a whole, but when we move beyond this funda-
mental truth, it is common to find that the ablation of glycosy-
lation enzymes generates immune-associated pathologies.

A prominent example of immune disease arising from
glycan-changing knockouts is a-mannosidase Ilal (Man2al).
This is an enzyme in the N-linked glycosylation pathway
that is responsible for the removal of the terminal ol-3-
and ol-6-linked mannose residues prior to the addition of
N-acetylglucosamine (GIcNAc) residues which are required
for the synthesis of complex-type asparagine (N)-linked
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glycans (Figure 1). Remarkably, the Man2al ™~ mice develop a
pathology that is similar to human systemic lupus erythemato-
sus (SLE; Chui et al. 2001). Although lymphocyte develop-
ment and the ability for B and T cells to proliferate are
unchanged in these animals, antibody levels in the serum are
increased and the animals develop nephritis that mirrors what
is seen in SLE patients. Furthermore, anti-nuclear antibodies
developed, which is another hallmark of human SLE. Perhaps
even more remarkable is that the glomerulonephritis and result-
ing kidney failure were not due to cells of a hematopoietic
origin since bone marrow transplants from wild-type donors
failed to alter the kidney disease course. Instead, the phenotype
appears to be at least in part due to the chronic activation of
the innate immune pathways and systemic sterile inflammation
(Green et al. 2007), although this does not fully explain why
anti-nuclear antibodies develop in these animals.

Leukocyte homing and extravasation is driven by selectin—
glycan interactions within the blood vessels near sites of in-
flammation and infection. During infection, inflammatory
mediators such as tumor necrosis factor oo (TNFo) increase
the surface concentrations of selectin molecules on the surface
of endothelial cells near the site of infection. These adhesion
molecules then bind to leukocytes in circulation via glycans
on the cell surface and facilitate recruitment of leukocytes to
the infected site (Rosen 2004). This process is central to the
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Fig. 1. Man2al is an enzyme in the N-glycosylation pathway that removes
the terminal o.1-3Man and o.1-6Man residues from the GIcNAcMansGIlcNAc,
structure. Without the removal of these two mannose residues, branched
complex-type N-glycans are not formed. However, the terminal B1-2-linked

GleNAc can be extended (arrow) by the cohort of Golgi enzymes present.
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function of the immune response and is dependent upon the
glycan structures present on the leukocyte population. As
such, it stands to reason that changes in the glycans would be
expected to alter the ability of cells to home to these sites to
mount the appropriate immune response. As another example
of how glycan-altering knockouts impact the immune re-
sponse, ablation of Gentl, a core 2 B1,6-GIcNAc transferase
(Figure 2), results in reduced neutrophil rolling on surfaces
expressing E-, L- and P-selectins and leads to deficient neu-
trophil homing to sites of inflammation (Ellies et al. 1998;
Stone et al. 2009). Likewise, the o2,3-sialyltransferase family
(six have been identified; ST3Gal-I to ST3Gal-VI) appear to
play roles in the synthesis of selectin ligands. Specifically, the
loss of ST3Gal-IV in mice reduced the number and increased
the wvelocity of leukocytes actively rolling in an
E-selectin-dependent fashion, indicating that 2,3-linked sialic
acid containing glycans are important for E-selectin binding
(Ellies et al. 2002) and that the modulation of ST3Gal-IV ex-
pression can regulate leukocyte homing to sites of infection.

The epithelial barrier is of paramount importance as a first
line of defense against pathogens, and glycans play a critical
role in cell-cell adhesion and communication (Zhao et al.
2008). Within the mucosal surfaces, mucins also play a critic-
al role in the physical barrier between host and microbe
(Fukuda 2002) and are among the most heavily glycosylated
proteins known. In mice lacking functional Gent2 (another
O-glycan core 2 B1,6-GlcNAc transferase), the barrier of the
gut is compromised. These animals show a significant leakage
of intestinal molecules into the circulation and increased sus-
ceptibility to colitis (Stone et al. 2009). Although the expres-
sion level of mucin glycoproteins was the same, the nature of
the mucin glycans was not studied in these knockouts,
leaving the mechanism of leakage unclear. These animals
show increased numbers of circulating neutrophils, possibly
due to the leakiness of the gut, but also produce lower levels
of antibodies (Stone et al. 2009). In fact, most antibody
classes were reduced, including IgG, IgM and IgA (IgE levels
were not reported), but the underlying mechanism(s) of this
defect remains unexplained and unexplored.

Sialylated core 1 O-glycans are a hallmark of naive CD8"
T cells in the thymus, whereas the loss of the sialylated core 1
and the synthesis of core 2 O-glycans are seen upon activation
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Fig. 2. The bovine herpesvirus 4-encoded B1,6-GlcNAc transferase (Bo17/B1,6GnT) shown in red is a homolog of Gentl, the host transferase that adds GleNAc
to the “core 2” O-glycan (core 2 GlcNACcT). The microbial expression of this enzyme could lead to significant increases in core 2 structures, which are known to
decrease the interactions of a number of cells, including immune cells (Fukuda and Tsuboi 1999).
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in the periphery (Chervenak and Cohen 1982; Piller et al.
1988). Upon differentiation into CDS" memory cells, the
O-glycans revert to the core 1-dominated phenotype (Galvan
et al. 1998) and those effector CD8" T cells still carrying core
2 O-glycans progress into apoptosis. In 2000, Marth and col-
leagues reported that animals without the ST3Gal-I sialyl-
transferase enzyme lacked the sialylated core 1 O-glycans on
naive CD8" T cells (Priatel et al. 2000). Indeed, the loss of
ST3Gal-I promoted the synthesis of the core 2 O-glycans on
naive T cells in the periphery, leading to enhanced apoptosis
in the absence of immune challenge (Priatel et al. 2000).
These results led to the conclusion that glycoprotein sialyla-
tion is a homeostatic mechanism for the proper function, dif-
ferentiation and resolution of CD8" T cell-dependent immune
responses. Perhaps more to the point of this review, these data
clearly show that sialylation is an actively regulated pathway
that is critical for proper T cell responses.

Continuing with the sialylation theme, ST6Gal-I is the lone
enzyme known to attach o2,6-linked terminal sialic acids on
N-linked glycans and the loss of this enzyme eliminates all
02,6-linked sialic acids (Hennet et al. 1998). CD22 is a
member of the Siglec (sialic acid-binding Ig-like lectin)
family of cell surface molecules and is an integral member of
the B cell receptor complex. CD22 (a.k.a. Siglec-2) binds spe-
cifically to glycans containing an o2,6-linked terminal sialic
acid (O’Reilly et al. 2011). The ablation of the ST6Gal-1
enzyme in mice resulted in a severe B cell-centered phenotype
whereby IgM levels were significantly reduced and B cell pro-
liferation was attenuated upon stimulation via IgM or CD40
cross-linking (Hennet et al. 1998). Antibody responses were
also reduced for both T-independent and T-dependent anti-
gens. Remarkably, this phenotype was not due to defects in
the B cell itself, in that subsequent investigation found that
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the animal (Grewal et al. 2006). This suggests that the change
in the CD22 ligand pool is altered in the ST6Gal-I knockout,
sending aberrant signals into the B cells, but that the elimin-
ation of the receptor for those ligands eliminates those same
aberrant signals. To date, the identity of these CD22 ligand(s)
remains unclear.

Another interesting knockout model is the mouse lacking
the Mgat5 (o-6-p-mannoside B1,6 N-GIcNAc transferase V;
GIcNAc-TV) locus. The Mgat5 enzyme is responsible for
creating highly branched (tetra-antennary) complex-type
N-glycans (Figure 3). The first study that described these
animals gave rise to notion that limiting the branching of
N-glycans on T cells reduces T cell activation threshold
(Demetriou et al. 2001). Contrary to earlier hypotheses con-
cerning the role of N-glycans on the T cell receptor (TCR),
which suggested that the glycans themselves limited TCR
clustering by providing structural barriers between adjacent
molecules (Rudd et al. 1999, 2001), the Mgat5 knockout
animals showed that the B1,6 branch of complex N-glycans
initiated by the GIcNAc-TV enzyme (Figure 3) is the ligand
for galectin-3 (gal-3) (and many other galectins) which
maintains TCR spacing. Loss of that ligand on the TCR
induced clustering, lowering the threshold and promoting
autoimmunity (Demetriou et al. 2001; Morgan et al. 2004).
In agreement with this interpretation, risk factors for multiple
sclerosis (MS) appear to converge on the N-glycosylation
pathway to disrupt the normal homeostatic state of T cells in
patients via glycan alterations (Mkhikian et al. 2011).
Remarkably, under normal conditions, TCR signaling even
promotes the changes in N-glycosylation that maximize
Mgat5 efficiency and thus maximize the TCR signaling
thresholds, demonstrating that this pathway is actively used
by T cells to regulate antigen-dependent signaling (Chen

the co-deletion of CD22 eliminated the overall phenotype of et al. 2009).
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Fig. 3. GIcNAc transferases 1, II, IV and V are necessary for the synthesis of mono-, bi-, tri- and tetra-antennary branched complex-type N-glycans, although
mono-antennary structures are quite rare. This figure provides a framework of possible modifications; however, the glycans shown represent a very small fraction
of the variety than can occur through differing the sugar linkages of those shown (e.g. 0.2,3- vs 02-6-linked sialic acids) and the action of a host of enzymes that

include fucosyltransferases, galactosyltransferases, sulfotransferases and so on.
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There are also models in which a glycosylation-associated
transgene was inserted rather than ablated into the mouse
genome. Perhaps the most pertinent to the present review is the
mouse carrying a transgene of the human o1,2-fucosyltransfer-
ase 1 locus (Brown et al. 2004). The result was a striking and
spontaneous colitis in which the intestinal permeability was
not compromised. Instead, these mice showed profound
defects in T cell development and it is now clear from other
reports that fucosylation is a regulating factor in lymphocyte
development via the Notch pathway. Although the role of
glycans in Notch signaling has been reviewed in detail else-
where (Stanley and Guidos 2009; Stanley and Okajima 2010),
it is important to note that fucosylation is actively regulated
and modulates Notch—ligand interactions and signal strength
into developing lymphocytes. As such, the disruption of the
normal regulation of Notch fucosylation has dramatic deleteri-
ous effects on the adaptive immune system.

Moving away from animal models, it is also clear that
disease-associated changes in glycosylation are associated with
increased susceptibility to infection. As a case in point,
patients with cystic fibrosis carry a genetic lesion in the cystic
fibrosis transmembrane conductance regulator (CFTR), an epi-
thelial chloride channel. Although it is a matter of some debate
in the field as to whether mutations in the CFTR are (Poschet
et al. 2001) or are not (Leir et al. 2005) directly responsible for
the glycan phenotype, it is clear that significant changes in the
glycosylation of both cell surface (Poschet et al. 2001) and
secreted proteins, especially the mucins (Wesley et al. 1983;
Xia et al. 2005; Schulz et al. 2007), are the characteristic of
cystic fibrosis (CF) patients. These changes in glycosylation
are thought to be critical to promote chronic Pseudomonas aer-
uginosa lung infections in CF patients (van Heeckeren et al.
2004). In fact, augmenting N-glycosylation in CF-model
animals via either exposure to a viral expression vector with
mannose-6-phosphate ~ isomerase  to  compensate  for
CF-associated loss of expression or a “hypermannose” water
diet, partially normalized the glycosylation pattern in the
animals and reduced colonization and bacterial burden of
P aeruginosa (Martino et al. 2011). These data demonstrate
that disease-associated changes in glycosylation can lead dir-
ectly to increased susceptibility to infection.

Infection/inflammation leads to glycome changes

The findings presented thus far paint a convincing argument
that changes in the glycome can alter the immune system
such that inflammation, autoimmunity and/or infection ensue,
but what about the reverse scenario? Does inflammation
and/or infection lead to changes in the host glycome, and if
so, how and to what extent? While data on the “how” and
“extent” part of that question is practically non-existent in the
primary literature, it is clear that inflammation and infection
do influence the host glycome.

The host glycome is determined by a number of factors
(Kornfeld and Kornfeld 1985; Herscovics 1999; Berninsone
and Hirschberg 2000; Schachter 2000), most of which remain
poorly understood in the sense that the outcome for any given
molecule or cell remains unpredictable. The most obvious and
easy to understand the determining factor is that the cohort of
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glycosidases, glycosyltransferases and nucleotide sugar trans-
porters in the Golgi Apparatus to a large degree dictates the
types of structures “possible” within a given cell (Brockhausen
et al. 2009; Stanley et al. 2009); however, the composition and
heterogeneity at the molecular level is more complicated than
that. The modifying enzymes are known to segregate into
regions of the Golgi cisternae (Colley 1997; Opat et al. 2001)
and many of these compete for the same glycan substrates
during trafficking, introducing significant heterogeneity in the
final products (Brockhausen et al. 2009; Stanley et al. 2009).
The length of time that a particular glycoprotein is present in
the Golgi can strongly influence the nature of the complex
glycans present (Kornfeld and Kornfeld 1985), possibly limit-
ing the number of glycan modifications for glycoproteins that
remain in the Golgi only for a short period of time. The struc-
ture of the underlying protein backbone can also play a signifi-
cant site-specific role in the types of glycans found at varying
sites within the same molecule, likely dictated by steric hin-
drance of the modifying enzyme(s) to approach each individ-
ual glycan substrate (Kornfeld and Kornfeld 1985). For
example, gp120 (and other viral coat proteins) carries some
N-glycosylation sites that are consistently occupied by trad-
itional branched complex-type N-glycans, whereas other sites
are consistently occupied by high-mannose structures (Zhu
et al. 2000). Another contributing factor is a change in meta-
bolic activity, thus altering the availability of the carbohydrate
donor molecules (i.e. sugar nucleotides) that act as substrates
for the Golgi enzymes (Berninsone and Hirschberg 2000).
Likewise, it is possible that increased expression of glycopro-
teins due to increased and rapid proliferation during an
immune response could overcome the limits of the glycosyla-
tion pathway, thus limiting the relative amount of modification
and complexity. Thus, it is easy to imagine how a pathogen or
the surrounding inflammatory response against that pathogen
might affect host glycosylation through cellular activation and
the associated changes in transcription, host cell proliferation,
competition for nutrients in the environment and even compe-
tition for the synthetic pathways during replication within
cells, yet few have actually connected the dots experimentally.

To date, the predominate form of evidence for infection-
mediated glycome changes can be found in correlation
studies, which lack mechanistic detail. One particularly
strong example is that infection with Helicobacter pylori
appears to induce changes in mucin oligosaccharide struc-
tures [e.g. increased expression of sialyl Lewis X (SLe");
Mahdavi et al. 2002; Cooke et al. 2009; Linden et al. 2010]
in the gut, presumably to promote colonization. Additional
findings further demonstrated that H. pylori-induced gastritis
increased o-1,4-GIcNAc transferase (04GnT) to a degree
proportional to the level of inflammation, but that clearance
of the pathogen correlated with a return to normal levels of
04GnT expression (Matsuzwa et al. 2003). Here, the link
between infection and glycome change is strong and the
investigators might even have one part of how that could
occur, but it remains unclear how or why a4GnT expression
is increased, the degree to which other Golgi enzymes are
altered in their expression, and what, if any, link exists
between increased 04GnT and increased SLe* on the
secreted mucins.



Other examples of infection-mediated glycome changes
include the observation that novel O-linked glycans on pep-
tides derived from fibrinogen al chain in the urine have been
associated with urinary tract infections (Pacchiarotta et al.
2012), whereas infection with the nematode Nippostrongylus
brasiliensis appears to up-regulate 3-O-sulfotransferase 1, an
enzyme that sulfates host carbohydrates, in gastric epithelial
cells (Yamauchi et al. 2006). Another intriguing study from
nearly 10 years ago showed a strong correlation between ex-
posure to commensal bacteria in the gut and significant
glycome changes (Nanthakumar et al. 2003). In this study, the
investigators compared the relative levels of glycosyltransfer-
ase activities in intestinal brushborder cells derived from
germ-free (GF) and conventional (CONV) mice. In CONV
mice, suckling pups showed high a-2,3/6-sialyltransferase ac-
tivity and low a1,2-fucosyltransferase activity, with those rela-
tive activity levels reversing by adulthood (i.e. 4 weeks). In
contrast, the transition to the adult activity levels (i.e. low sia-
lyltransferase, high fucosyltransferase) failed to occur in the
absence of the microflora in GF animals. When colonized
with gut microflora, however, the GF mice rapidly switched
relative activities of these enzymes, showing a role for the
microbiota in shaping the glycosyltransferase expression and
activity levels in the host cells that are in contact to the
microbes. These three studies demonstrate a strong correlation
between microbial exposure and glycome changes, yet the
mechanism of that influence continues to be a mystery.

The only reference we could find that directly shows a
mechanistic connection between a specific pathway, a specific
microbial product and glycome changes was published just
last year. This study revealed that the stimulation of TLR9 on
B cells with CpG resulted in increased galactosylation and
reduced bisecting GIcNAc levels on IgG molecules (Wang
et al. 2011), although it still remains to be seen whether this
effect was due to direct NFxB-mediated signaling and tran-
scriptional changes or some other secondary effect. Likewise,
it is unclear what functional impact TLR9-mediated signaling
had on the antibodies being produced.

The main quasi-mechanistic data on how inflammation
(and presumably infection-mediated inflammation) alters the
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host glycome come from cancer research. For example, the
level of circulating glycoproteins carrying SLe* structures
(Figure 4) increases with the expression of C-reactive protein
in cancer patients (Mizuguchi, Nishiyama, Iwata, Nishida,
Izumi, Tsukioka, Inoue, Kameyama, et al. 2007, Mizuguchi,
Nishiyama, Iwata, Nishida, Izumi, Tsukioka, Inoue, Uenishi,
et al. 2007; Saldova et al. 2007), and the resection of the
tumor is accompanied by a reduction in SLe* to normal levels
in 60% of patients (Mizuguchi et al. 2006). The mediators
associated with these observations include IL-1B, IL-6 and
TNFa (Tricot 2000), all pro-inflammatory cytokines also seen
in the context of infection. In fact, the human hepatoma cell
line HuH-7 (Vecchi et al. 2010) shows increased branching
and SLe* structures on the N-glycans of secreted ol-acid
glycoprotein when treated with either IL-18 or IL-6
(Mackiewicz et al. 1992; Azuma et al. 2000), whereas treat-
ment with TNFo increases the expression of the sialotransfer-
ase ST3GallV and the fucosyltransferase FUTIV in a
NF«kB-dependent manner (Ishibashi et al. 2005, 2006; Higai
et al. 2006). Furthermore, differences in tri- and tetra-
antennary glycans are seen with chronic inflammation such
that the longer the inflammatory process, the more change is
seen in serum proteins. These observations have been reported
for alcoholic liver disease (Mann et al. 1994; Gravel et al.
1996), breast and ovarian cancer (Goodarzi and Turner 1995;
Turner et al. 1995; Saldova et al. 2007), rheumatoid arthritis
(Thompson et al. 1989, 1993) and Crohn’s disease (Goodarzi
and Turner 1998). At a minimum, these studies reveal that the
two central mediators of inflammation common to cancer,
autoimmunity and infection (i.e. IL-1 and TNFa) can have a
direct effect on host glycosylation, though these studies also
lack any follow-up to determine how IL-1B and TNFa lead to
glycome changes.

Outside of influencing the host cellular machinery through
the transcriptional regulation of Golgi enzymes or other path-
ways, a stronger case can be made for direct alterations of host
glycans by microbe-expressed enzymes. The first, and by far
most well known, is the neuraminidase family. We will high-
light several salient points using Haemophilus influenzae as
the prototypical example, but it should be noted that

@ = Sialic acid (SA)
[ = N-acetylglucosamine (GlcNAc)

N-Linked O-Linked
Asn Ser/Thr Ser/Thr
(Core 4) (Core 2)

[ = N-acetylgalactosamine (GalNAc)
O = Galactose (Gal)

@ = Mannose (Man)

A =Fucose (Fuc)

Fig. 4. Sialyl-Lewis™ (SLe") antigen (boxed) is a tetrasaccharide motif composed of a sialic acid, galactose, GIcNAc and fucose residue. This motif can be
found in both asparagine (N)-linked complex glycans, “core 2” and “core 4” serine or threonine (O)-linked glycans, as well as in glycolipids. Examples of

both protein-based glycans are shown.
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H. influenzae neuraminidase and medicinal inhibitors have
been reviewed many times elsewhere (e.g. Grienke et al.
2012). Hemagglutinin is a viral protein that binds to sialic acid-
containing glycans on target cell surface glycoproteins and
glycolipids, thereby facilitating viral adherence to the cell. The
viral-encoded neuraminidase is responsible for cleaving these
sialic acids from the host molecules upon entry, enabling the
detachment of viral particles into the cell. This cleavage event
is critical for the viral lifecycle, since neuraminidase inhibition
can be an effective anti-viral drug (Grienke et al. 2012), but
the removal of host sialic acids can also change the face of the
cell by eliminating the negatively charged portion of the glyco-
calyx on the infected cell (the potential impact of this will be
reviewed in the next section on function).

Another example is the opposite of the neuraminidases: the
sialyltransferase family. There have been many bacterial and
fungal microbes described that encode o2,3-sialyltransferases
in their genome, including Neisseria meningitidis (Gilbert
et al. 1996), Pasteurella multocida (Thon et al. 2011),
Campylobacter jejuni (Lee et al. 2011), H. influenzae (Hood
et al. 2001; Fox et al. 2006), Streptococcus agalactiae (Group
B strep; Chaffin et al. 2002) and Cryptococcus neoformans
(Rodrigues et al. 2002). In general, it is thought that addition
of terminal sialic acids on microbial surfaces by these
enzymes aids in colonization and immune evasion via mo-
lecular mimicry and there is little evidence that suggests that
these enzymes are secreted and/or might affect host glycocon-
jugates, although this remains a possibility. However, there is
at least one notable exception: the trans-sialidase expressed on
the surface of Trypanosoma cruzi and Trypanosoma brucei
(reviewed in Cross and Takle 1993). This enzyme has been
shown to transfer sialic acid from host cell surface and
soluble glycoconjugates to the trypanosome glycoconjugates,
thereby altering both the host through the removal of terminal
sialic acids and microbe’s glycome through the addition of
sialic acids at the parasite surface (Ferrero-Garcia et al. 1993).
The modification of the microbial carbohydrates with sialic
acid taken from the host presumably allows the microbe to
hide from the immune response through mimicry as
mentioned earlier, but it remains unclear what effect, if any,
the removal of sialic acids from the host does to the immune
response in the context of trypanosome infection.

On the other hand, viral sialyltransferases are far more likely
to impact host proteins during their lifecycle because of the
requirement for the host protein synthesis machinery during
replication. The Myxoma virus is a rabbit pathogen of the
Poxviridae family which expresses an o2,3-sialyltransferase
(Jackson et al. 1999). Although the function of this enzyme is
not well described, it is clear that it is important for virulence
but not viral replication (Jackson et al. 1999). The substrate
specificity of this enzyme shows that it is likely to affect host
glycan structures (Sujino et al. 2000), although this has not yet
been explored. Another instance of viral-encoded glycan-
modifying enzymes is the Bol7 gene in bovine herpesvirus 4,
which encodes a homolog of the core 2 B-1,6-GIcNAc transfer-
ase (B1,6GnT) enzyme, which adds GIcNAc sugars to the
GalNAc core of O-linked glycans (Markine-Goriaynoff et al.
2004; Figure 2). This enzyme is believed to play an important
role for the structural proteins of the virion, but could also
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impact the infected cells through alterations in antibody or
complement-mediated lysis. This possibility and others can be
proposed based on studies of host-encoded B1,6GnTs
(Brockhausen 1999; Tsuboi and Fukuda 2001; Fukuda 2002).
More specifically, the overexpression of GIcNAc transferase
activity and the concomitant increased core 2 oligosaccharides
is known to decrease interactions between cells, particularly
those of the immune system (Fukuda and Tsuboi 1999), pos-
sibly providing a mechanism of immune evasion for
HSV-infected cells. However, no studies have yet described
whether the Bo17 gene can fulfill this role or not.

Outside of altering the enzyme complement of a given gly-
cosylation pathway, there are other ways in which a pathogen
can actively alter the host glycans. One interesting case is ex-
emplified by Old World arenavirus infections, such as
lymphocytic choriomeningitis virus and Lassa fever virus.
Studies have revealed that viral glycoprotein associates with
LARGE, a GIcNAc transferase found in the Golgi Apparatus
(Peyrard et al. 1999). This binding sequesters LARGE from
acting upon other substrates, thereby altering the glycosylation
pattern of host molecules, particularly o-dystroglycan. These
alterations perturb laminin binding and lead to altered cell-
matrix interactions in the host (Rojek et al. 2007).

We acknowledge that the data for microbial-influenced
glycome manipulation remain highly descriptive and lack
mechanism, but the evidence is strong for microbes making
an impact on host glycosylation. Likewise, it is clear that in
disease-associated inflammation (e.g. autoimmunity, cancer
etc.), changes in the glycome follow as a function of the in-
flammatory mediators like TNFo and IL-1B, which are also
present during many (most?) infections. It appears that the
investigators interested in glycosylation and those interested in
pathogenesis are not commonly the same individuals; thus,
we propose that the effect of microbial exposure on the host
glycome is vastly understudied and is an area of research ripe
with opportunity. But before we more specifically describe
our proposed paradigm, we must first deal with glycan
functionality in the immune system.

Glycome changes lead to molecular and cellular
functional differences

It is reasonable to review the correlation of infection/inflam-
mation with the glycome, but in the absence of functional
consequences associated with those changes, the point is
moot. Unfortunately, none of the referenced findings above
reported even an attempt to explain what changes in biology
might accompany the observed host glycosylation differences,
so we must move to another set of findings in the literature on
the role glycans play in the function of the immune system to
make our argument.

Simply based on the fact that the ablation of glycosylation-
related genes leads to immune pathology, as mentioned
earlier, it logically follows that the function of at least some
glycoproteins and glycolipids is altered when the glycans
change, otherwise defects would not occur. The fucosylation
and Mgat5 stories represent two clear examples of where
glycan changes alter the function of the underlying protein, in
those cases Notch and the TCR, respectively, but there are



many more to support the notion that the nature and compos-
ition of protein glycosylation directly impacts function in
ways that are grossly underappreciated by the general research
community. Furthermore, it is important to differentiate
between studies where sites of glycosylation are removed by
mutagenesis and studies where the “nature of the attached
glycan” changes. Although the removal of a glycosylation site
from a protein may arise due to genetic mutation associated
with cancer or other insults, this event is not biologically
equivalent and rare in vivo compared with the actively regu-
lated changes in glycan composition that are in focus here.
Our emphasis is how changes in glycan composition affect
the function of the glycoprotein as a whole.

The best studied and highly regulated glycan change
known to alter function is sialylation. The fundamental
biology of sialic acids have been reviewed previously (Troy
1992; Vimr et al. 2004; Severi et al. 2007; Lewis et al. 2009;
Schauer 2009; Schauer et al. 2011), but the central theme is
that sialylation tends to alter a molecule’s binding partners
and/or affinity for a given ligand. This can take more forms
than can be adequately covered here, so we will limit the dis-
cussion to a few canonical and recent immune system-specific
findings that will serve as the basis for our unifying hypoth-
esis. It might also strike the reader that sialylation is the gly-
cosylation step most obviously manipulated by microbes (e.g.
by microbial neuraminidases, sialyltransferases and trans-
sialidases), as discussed in the previous section.

One of the more established examples within the immuno-
logical setting is the impact of sialylation upon the synthesis
of selectin ligands (Schauer 2009). As already mentioned,
selectins require the negative charge provided by terminal
2,3-linked sialic acids on cell surface molecules like
P-selectin glycoprotein ligand-1 (PSGL-1) and mucin-like
glycoproteins (Cummings and Smith 1992; Ellies et al. 2002;
Lowe 2003). Removal of these residues through mutation or
neuraminidase treatment alters the selectin-dependent cellular
homing properties such that pathogens can evade the brunt of
the immune response. In this sense, the presence or the
absence of sialic acids alters the function of PSGL-1 (for
example) in that it can no longer bind well to the necessary
selectin to promote appropriate leukocyte homing to sites of
infection and inflammation. Indeed, this provides a nice
example whereby a microbe-encoded neuraminidase could
dramatically impact the host’s immune response through the
direct enzymatic modulation of selectin ligands.

A somewhat more esoteric example is CD22/Siglec-2. This
B cell-specific surface glycoprotein is a member of the B cell
receptor complex and is now recognized to be a sialic acid-
binding lectin (O’Reilly et al. 2011). What is particularly re-
markable about CD22 is that it binds to as of yet unidentified
ligands (possibly in cis and frans orientations) carrying
02,6-linked sialic acids, rather than the more common
02,3-linked sialic acids (Grewal et al. 2006). To date, it is
unknown whether specific molecules carrying such glycan
structures are critical, or whether any specific glycoprotein or
glycolipid with 2,6-linked sialic acids are particularly import-
ant; however, the ablation of the lone enzyme that creates this
linkage (ST6Gall) creates significant B cell defects that
include suppressed B cell receptor signaling, reduced serum
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IgM and reduced antibody responses to both T cell-dependent
and T cell-independent antigens (Hennet et al. 1998).
Remarkably, removing CD22 from the ST6Gall knockout
background normalized B cell function (Collins et al. 20006).
This story provides evidence that unknown ligands carrying
02,6-linked sialic acids are necessary for proper B cell func-
tion via recognition by CD22, yet it remains a mystery as to
the identity or nature of these ligands outside of the presence
of the sialic acid-containing glycans. Likewise, the other
members of the Siglec family are still described as “cellular
adhesion” or “cellular interaction” molecules, and specific
targets have not yet been fully explored, though it is clear that
ligand activity is exquisitely sensitive to sialic acid content.

Although the CD22/Siglec and selectin data show that
ligands and their interactions with key immune proteins are
modulated by sialylation, there is evidence to show that the
function of immune-associated glycoproteins themselves are
altered by sialylation and glycan composition. Two examples,
where the functional differences are largely attributed to the
galectin family of molecules, can be found in studies of
CD45 and the TCR complex. For both of these systems, it is
important to note that galectins bind to LacNAc disaccharide
units in N- and O-linked glycans, but this binding can be
strongly inhibited for some galectins by the presence of ter-
minal sialic acids on those glycans (Liu and Rabinovich
2010). As such, the TCR complex could be an example for
how the addition or the removal of terminal sialic acids on
the glycans decorating the TCR might be used to modulate T
cell responsiveness. More specifically, the increased expres-
sion of the appropriate sialyltransferase in a T cell leading to
increased TCR sialylation could conceivably reduce the for-
mation of the galectin-TCR lattice at the cell surface through
the inhibition of galectin binding, thereby mimicking the loss
of Mgat5 and the associated reduction in TCR threshold dis-
cussed earlier (Demetriou et al. 2001). This could be equally
true in the reverse, with decreased sialylation leading to
increased threshold for signaling. As a result, the level of sia-
lylation and the presence of the LacNAc motif on the TCR
glycans could potentially act as a rheostat for T cell activation
via galectin-mediated effects, which makes this pathway an at-
tractive target for pathogens seeking to evade the immune
response.

CD45 serves as another prominent example of the galectin-
mediated glycosylation-dependent functional effect. While this
has been reviewed in detail recently (Earl and Baum 2008),
several salient points are of specific interest in terms of the
present line of reasoning. CD45 is a cell surface receptor
expressed in hematopoietic cells in a number of isoforms (RA,
RB, RBC, RABC and RO) and is a critical factor in cellular
development, activation and cell death through its tyrosine
phosphatase activity (Hermiston et al. 2003). All isoforms of
CDA45 include both O- (primarily core 1 and core 2) and
complex N-linked glycans. Importantly, during T cell develop-
ment and within the various T cell lineages (memory, acti-
vated, naive etc.), the glycosylation of CD45 and other cell
surface glycoproteins changes in a way that is characteristic for
each lineage (Earl and Baum 2008). For example, Th2 cells
express ST6Gall, whereas Thl cells do not, resulting in Th2
cells (but not Th1 cells) carrying CD45 with 0.2,6-linked sialic
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acids (Toscano et al. 2007). This is a critical observation
because of the impact of sialylation on gal-1 binding to CD45.
Without the terminal sialic acids, gal-1 binds and cross-links
CD45, whereas the presence of terminal sialic acids inhibits
this interaction (Earl et al. 2010). Gal-1-mediated cross-linking
of CD45 can have a number of effects, depending on the
context, but often leads to the apoptosis of Thl and Th17 cells
which lack terminal 2,6-linked sialic acids on CD45, whereas
Th2 cells are protected from this effect due to the sialic acids
on surface glycans (Toscano et al. 2007). In a biological
setting, gal-1 can skew the cytokine response of T cells toward
Th2, possibly through the cell death pathway of Thl cells.
Furthermore, changes in CD45 and CD43 glycosylation, spe-
cifically sialylation, are associated with aging and the
age-related reduction in CD4" T cell responsiveness
(Abdul-Salam et al. 2000). In total, it is now clear that the
active modulation of CD45 glycosylation in T cells is a
galectin-dependent regulatory pathway during T cell develop-
ment and apoptosis.

Outside of the galectin effects that almost certainly include
many other cell surface receptor molecules not yet identified
or studied, it has been recently discovered that antibodies
themselves depend on glycosylation for the determination of
their function. Textbooks teach that the function of an anti-
body is determined by the constant (Fc) domain of antibodies
(Abbas et al. 2000). The Fc domain carries a single but
highly conserved site (asparagine 297) of N-linked glycosyla-
tion that has long been recognized as critical for antibody
structural stability (Arnold et al. 2007). Although a few early
studies hinted at this, a number of recent findings now reveal
that the composition of the glycans at this site in the Fc
domain has a dramatic impact on the overall function of anti-
bodies. As early as 1987 (Roitt and Cooke 1987), it was
found that IgG molecules isolated from patients with rheuma-
toid arthritis have galactose-deficient Fc domain glycans
(Roitt et al. 1988, 1992; Bond et al. 1990). Since galactose is
the target for ST6Gall, these antibodies also must have
lacked terminal 2,6-linked sialic acids on these structures.
Indeed, this interpretation was only recently confirmed 2
years ago (van de Geijn et al. 2009). More recently, changes
in Fc glycosylation were aligned with another autoimmune
disease, Wegener’s granulomatosis, where the level of
2,6-linked sialic acid-containing IgG molecules was signifi-
cantly reduced (Espy et al. 2011).

These observations are highly significant in light of the find-
ings that have focused upon the biological activity of IVIg,
where it was shown that terminal 2,6-linked sialic acids decor-
ating the IgG Fc glycan (2,6-sialyl-IgG) alter the Fc receptor
affinity and therefore antibody function (Kaneko et al. 2006;
Anthony, Nimmerjahn, et al. 2008; Anthony, Wermeling, et al.
2008; Anthony et al. 2011). This discovery was observed
within the context of IVIg, which is a treatment approach used
for over two decades as an effective means to suppress auto-
immunity. This pioneering work has now shown that the anti-
inflammatory activity of IVIg in autoimmune patients can be
highly enriched by lectin affinity using Sambucus nigra lectin
(SNA), which binds to 2,6-linked sialic acids. The enriched
sialic acid-containing IgG pool showed a 100-fold increase in
activity over IVIg by weight (Kaneko et al. 2006). In addition,
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the presence of 2,6-linked sialic acid shifted the affinities of
the IgG molecules for various Fc receptors such that
asialo-IgG bound tighter to the activating pro-inflammatory
FcyRIII receptor whereas 2,6-sialyl-IgG preferentially asso-
ciated with FcyRIIB (Kaneko et al. 2006; Anthony,
Nimmerjahn, et al. 2008; Anthony et al. 2011) as well as
DC-SIGN (or SIGN-R1, the murine homolog; Wieland et al.
2007; Anthony, Wermeling, et al. 2008), both of which send
inhibitory signals into responding cells. Thus, IgG molecules
can be pro-inflammatory (asialo-IgG) or anti-inflammatory
(2,6-sialyl-Ig@G), and this is exquisitely regulated by the glycan
composition of the Fc domain.

The alignment of autoimmunity and aberrant antibody gly-
cosylation was also recently seen in IgA molecules from auto-
immune glomerulonephritis patients. IgA nephropathy is an
autoimmune disease characterized by mesangial immunodepo-
sits containing high concentrations of IgA1l. Investigators have
now discovered that the IgA1 from these deposits are deficient
in galactose in the hinge-region O-glycans (Novak et al. 2011).
This altered that IgA1l is bound by glycan-specific antibodies
and seems to arise from plasma cells with aberrant glycosyl-
transferase expression. Although this appears to affect IgA
through a different mechanism than described for IgG mole-
cules earlier, these data further support the notion that glycosy-
lation composition alters antibody function and fitness.

Finally, our own work on the MHCII-dependent presenta-
tion of bacterial polysaccharide “glycoantigens” has recently
revealed that the nature of the N-linked glycans on MHCII
modulates antigen-binding properties. We previously discov-
ered that zwitterionic polysaccharides isolated from the cap-
sules of commensal bacteria are processed and presented by
MHCII to T cells for recognition and activation (Cobb et al.
2004; Cobb and Kasper 2008; Kreisman and Cobb 2011;
Ryan et al. 2011). Through our attempts to better understand
how these unusual glycoantigens associate with MHCII, we
found that preventing the formation of complex-type
N-glycans on MHCII using both pharmacologic and genetic
approaches resulted in defects in both the amount of presented
antigen at the cell surface as well as the overall T cell re-
sponse to these antigens (Ryan et al. 2011). In vitro binding
experiments with recombinant MHCII confirm that this pres-
entation defect was due to a loss of interactions between gly-
coantigens and MHCII when the MHCII N-glycans were
comprised of only high-mannose or hybrid structures.
Moreover, mimicking the CDG-Ila in vitro through ablation
of the Mgat2 locus, which encodes the GIcNAc transferase 11
enzyme responsible for initiating branched complex N-glycan
synthesis (Figure 3), resulted in a lack of T cell response to
commensal glycoantigens (Ryan et al. 2011). These data
show that the function of MHCII and the nature of the pre-
sented antigens at the cell surface can be modulated or regu-
lated via changes in the N-glycosylation pathway of antigen
presenting cells.

Collectively, the data are strong in support the general con-
clusion that glycosylation impacts the function and binding
interactions of immune proteins. In most cases, changes in
glycosylation alter the interactions between various molecules,
be they lectins that associate directly with the glycans or other
ligands whose affinity changes for reasons that remain unclear



(e.g. the glycoantigen binding to MHCII). The biophysics of
how glycosylation alters this second group of examples is a
major challenge to dissect since most structural work relies on
crystallography, which often fails with fully glycosylated
molecules and is further confounded by the natural heterogen-
eity of the system. Still, it is clear that glycosylation is linked
to glycoprotein function.

A Glyco-Evasion Hypothesis

The data summarized here provide strong support for the three
underlying components of our Glyco-Evasion Hypothesis: (i)
inflammation and infection can lead to changes in host glyco-
sylation; (ii) modulation of host glycosylation can lead to
changes in host protein and cell function and (iii) changes in
host protein and cell function through alterations in glycosyla-
tion can lead to inflammation, susceptibility to infection and
overall immune dysfunction. Once we take the next logic step
in our reasoning, the Glyco-Evasion Hypothesis readily
emerges. If pathogens modulate host glycosylation (A — B)
and host glycosylation modulates the immune response (B —
C), then pathogens can modulate the immune response through
control over host glycosylation (A — C). The Glyco-Evasion
Hypothesis formally states that microbes manipulate host gly-
cosylation to promote infection through glycan-mediated
immune dysfunction.

In bringing together the findings highlighted in this review,
one must acknowledge that any unifying hypothesis will
contain evidentiary holes. In fact, there is no example we
could find in the literature where a change in host glycosyla-
tion was associated with an infection and where the mechan-
ism of that same change was determined and where the
resulting functional differences that follow the glycosylation
change were shown to benefit the pathogen. Although these
types of observations exist independently (reviewed here), a
unifying model is needed to systematically determine whether
these events are truly linked or not. As such, our
Glyco-Evasion Hypothesis is proposed in order to highlight a
potential new and exciting avenue for investigation in our
fight against infectious disease.

Within the representative examples in this review, the
Glyco-Evasion Hypothesis can be applied to identify import-
ant gaps in our understanding. Consider the bovine herpesvirus
4 case where virally encoded core 2 GlcNAc transferase is
expressed in infected cells (Markine-Goriaynoff et al. 2004).
Studies unrelated to herpes demonstrate that the overexpression
of core 2 GIcNAc transferase activity leads to increased core 2
glycans and a reduction in cell-cell interactions within the
immune system (Fukuda and Tsuboi 1999). The
Glyco-Evasion Hypothesis would therefore predict that the
virus could evade immune attack through the expression of
core 2 GlcNAc transferase activity, leading to increased core 2
glycans on host cells and decreased immune cell activation by
limiting cell—cell adhesion.

Consider another example where we found that presentation
of bacterial glycoantigens by MHCII proteins was remarkably
sensitive to the composition of the branched complex
N-glycans on MHCII (Ryan et al. 2011). We have also
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demonstrated that these antigens normally induce potent anti-
inflammatory Treg responses that dampen inflammation and
the adaptive immune system (Kreisman and Cobb 2011).
Unrelated studies have revealed that inflammation (Mackiewicz
et al. 1992; Azuma et al. 2000) and exposure to TLR agonists
(Wang et al. 2011) are strongly correlated with branching
changes (mostly increased branching) in host N-glycans. The
Glyco-Evasion Hypothesis would therefore predict that patho-
gens carrying glycoantigens, such as Staphylococcus aureus
(Tzianabos et al. 2001), which also stimulate the innate/inflam-
matory response through TLR activation (i.e. by S. aureus lipo-
teichoic acid; Takeuchi et al. 1999) could increase the
MHCII-dependent presentation of bacterial glycoantigen by
modulating MHCII N-glycan branching, thereby increasing the
induction of inhibitory Tregs and reducing immune-mediated
microbial killing.

As a final illustration, consider the CD45-galectin
pathway where gal-1-mediated cross-linking of CD45 leads
to T cell apoptosis when terminal sialic acids are lacking
(Toscano et al. 2007). Thl and Th17 cells are susceptible to
this pathway, but Th2 cells are protected due to the presence
of sialic acids on CD45 (Toscano et al. 2007). Studies dem-
onstrate that many pathogens (e.g. H. influenzae) remove
host sialic acids through the expression of neuraminidases
(Grienke et al. 2012). The Glyco-Evasion Hypothesis
would therefore predict that pathogens with the ability to
remove host sialic acids could potentially evade
Th2-mediated immunity by de-sialylating CD45 on respond-
ing T cells, thus promoting their apoptosis and ultimately
microbial survival.

There are other conceivable scenarios in which a microbe
may manipulate the immune response for their benefit
through changes in host glycosylation, including the promo-
tion of pathogen escape from leukocyte homing via altera-
tions in selectin ligands, depletion of CD22 ligands to
promote B cell dysfunction and many others. The three
specific examples described earlier are provided to illustrate
the potential impact of the pathway proposed by the Glyco-
Evasion Hypothesis, while also revealing a number of inves-
tigative opportunities. How does inflammation and infection
lead to glycome changes in the host? What are the functional
consequences of those changes. Do the changes in host gly-
cosylation mediated by microbial signals or enzymes lead to
an advantage during infection? All of these issues are essen-
tially unexplored, and it is imperative that we begin work to
better understand the mechanisms by which host glycosyla-
tion is regulated. In addition, we must determine how glyco-
sylation actually impacts the function of all glycoproteins
and therefore all cells. Systems biology is not truly “system-
ic” without integrating the role of carbohydrates (and lipids)
into the greater picture, and we must begin to embrace the
heterogeneity inherent to the non-template-driven synthesis
of these molecules and what it tells us about biological func-
tion. Thus, we readily acknowledge that the Glyco-Evasion
Hypothesis provides far more questions than answers, but the
concept is built upon many years of observations and we
believe that it represents a new frontier in our fight against
infectious disease through the application of glycoscience to
investigations of infection and immunity.
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