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Abstract

The major histocompatibility complex (MHC) glycoprotein family, also referred to as human
leukocyte antigens, present endogenous and exogenous antigens to T lymphocytes for recognition
and response. These molecules play a central role in enabling the immune system to distinguish
self from non-self, which is the basis for protective immunity against pathogenic infections and
disease while at the same time representing a serious obstacle for tissue transplantation. All known
MHC family members, like the majority of secreted, cell surface, and other immune-related
molecules, carry asparagine (N)-linked glycans. The immune system has evolved increasing
complexity in higher-order organisms along with a more complex pattern of protein glycosylation,
a relationship that may contribute to immune function beyond the early protein quality control
events in the endoplasmic reticulum that are commonly known. The broad MHC family maintains
peptide sequence motifs for glycosylation at sites that are highly conserved across evolution,
suggesting importance, yet functional roles for these glycans remain largely elusive. In this
review, we will summarize what is known about MHC glycosylation and provide new insight for
additional functional roles for this glycoprotein modification in mediating immune responses.
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Introduction

The major histocompatibility complex (MHC) is a ~3.6-Mb cluster of genes in the
mammalian genome that encodes integral components of the immune system. The MHC
was first discovered in the mouse in the 1930s, referred to as the histocompatibility 2 (H2)
complex, and has since been characterized in humans, also referred to as the human
leukocyte antigen (HLA) complex, in addition to numerous other species [1]. MHC
molecules play a well-established role in T cell development in the thymus and in
maintaining immune homeostasis [2, 3] in addition to their central role in mediating the
cellular and humoral immune responses that combat disease and pathogenic infection.

Members of the MHC family include the classical, highly polymorphic class I (MHCla) and
class Il (MHCII) glycoprotein molecules, which act as support structures for the presentation
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of antigens to T cells. MHCla molecules are expressed by almost all nucleated cells and
present antigens derived from the cytoplasm to CD8* T cells. MHCII molecules are mainly
expressed by professional antigen presenting cells such as dendritic cells, macrophages, B
cells, and thymic epithelial cells. MHCII molecules utilize an endocytic pathway for
presentation of exogenous antigens to CD4* T cells. In mice, the classical MHCIla molecules
are encoded by the K and D regions, whereas the MHCII molecules are encoded by the IA
and IE regions. Conversely, the human HLA complex encodes MHCla molecules in the A,
B, and C regions and MHCII molecules in the DP, DQ, and DR regions. The human HLA-
DQ and HLA-DR molecules most closely resemble the mouse H2-A and H2-E molecules,
respectively [1]. Like the majority of secreted, cell surface, and immune-related molecules,
these proteins contain post-translational glycan modifications that are initiated in the lumen
of the endoplasmic reticulum (ER). Although O-glycan structures have been shown to play
important roles on immune-associated molecules [4], the prominent glycans found on MHC
molecules are N-linked. In fact, essentially all of the MHC family maintain Asn-X-Thr/Ser
(where X is any amino acid except proline) acceptor sites for N-glycosylation that are highly
conserved across species, suggesting a functional role for these structures.

In addition to these classical MHCla and MHCII molecules, more recent characterization of
non-classical MHC class | (MHCIb) molecules have demonstrated their important role in the
cellular immune response [5]. In general, the MHCIb molecules are less polymorphic and
have more diverse functional roles than the class la molecules [6]. In this review, we will
focus on the role of post-translational glycosylation in MHCla and MHCII function, with
only a limited discussion of the MHCIb glycoproteins.

Glycosylation is a non-template driven enzymatic process orchestrated by the collective
action of glycosidases and glycosyltransferases, primarily but not exclusively in the Golgi
apparatus (Fig. 1). The N-linked acceptor site is recognized by the oligosaccharyltransferase
(OST) enzyme that removes the common GlcgMangGIcNAc, moiety from the dolichol
phosphate lipid precursor and covalently attaches it to Asn residues within the consensus
sequence while the nascent polypeptide remains in the ER. After addition of this common
precursor, the N-glycans are further processed and modified. The three categorizations of N-
glycans in the secretory pathway are high mannose, hybrid, and complex, which reflect the
structure of the glycans as they are progressively modified. Important to this pathway are the
Mgat genes and the acetylglucosaminyltransferase enzymes they encode. UDP-GIcNAc:a3-
D-mannoside 1,2-N-acetylglucosaminyltransferase | (GIcNACT-I; encoded by Mgat1) adds
1,2-linked GlcNAc to the non-reducing Man-al,3Manp1,4-terminus of MansGIcNAC,, an
essential step in the conversion from high mannose to hybrid N-glycan [7]. The hybrid N-
glycan is then trimmed to a trimannosyl core by a-mannosidase enzymes, which creates a
substrate for UDP-GIcNAc:a6-D-mannoside f1,2-N-acetylglucosaminyltransferase 11
(GIcNACT-1I; encoded by Mgat?). The activity of GICNAcT-II transitions the N-glycan from
hybrid to complex-type structures, the branching patterns of which can vary depending on
the activity of additional GIcNAc transferases (GICNACT I11-VIII, encoded in part by
Mgat3-5). Branch chains can then be further extended through the activity of numerous
fucosyl, galactosyl, and sialyl transferases [8]. Taken together, complex N-glycans can have
extensive bi-, tri-, or tetra-antennary branches containing multiple galactose, fucose, and
sialic acid linkages not found on the hybrid or high mannose precursors. In general, the N-
glycans found in mammals are referred to as complex due to the more complex array of non-
mannose linkages and inclusion of terminal sialic acid residues, as opposed to the high
mannose N-glycans found on lower-order organisms like yeast and fungi [4].
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Roles for protein N-glycosylation

Protein glycosylation can play a variety of roles in the context of different immune-
associated molecules. These potential roles include a check point for proper protein folding
and molecular trafficking to the cell surface [9, 10], for protein stability and protection from
proteolysis [11] and to facilitate appropriate geometric spacing of cell surface molecules to
prevent unwanted molecular cis-interactions and to optimize cell—cell adhesion and
communication [12, 13].

Addition of N-glycans in the ER can play an important role in proper protein folding and
trafficking. MHCla molecules are a well-studied example of the role of N-glycans and
protein folding. Blocking MHCla N-glycosylation, such as through acceptor site mutation,
results in significant increases in intracellular misfolded protein along with decreases in cell
surface expression [14]. Similar to other glycoproteins, early glucose trimming of the newly
attached GlcgMangGIcNAc, N-glycan core facilitates proper interactions with the lectin
chaperones calnexin and calreticulin, which are involved in the chaperone-assisted protein
folding and assembly pathway. Additional lectins can also contribute to this protein quality
control pathway and transport from ER to Golgi [15]. Following correct protein folding and
molecular assembly (i.e., B2-microglobulin and peptide antigen binding in the case of
MHCIla), the N-glycan is further modified as it moves through the Golgi. The N-glycans can
themselves facilitate glycoprotein trafficking through the Golgi for surface expression or
secretion. For example, Brennan et al. recently demonstrated that the conserved C terminus
N-glycan of perforin, a soluble cytotoxic molecule employed by the immune system, is
necessary for the rapid and efficient delivery of the glycoprotein from the Golgi to secretory
granules [16].

The potential protein folding and trafficking role of the conserved N-glycans on MHCII is
much less clear. In fact, it appears that the N-glycosylated invariant chain (li) chaperone,
which associates with the MHCII heterodimer in the ER, is the essential mediator of proper
protein folding and trafficking from the ER to the Golgi and subsequently to endocytic
compartments where MHCII binds to antigens for cell surface presentation [17, 18]. This is
supported by observations where surface MHCII concentrations were unaltered for N-
mutants and upon treatment with tunicamycin to inhibit the ER-localized OST [19].
Although the N-glycans found on i may play a partial role in MHCII trafficking [20], a
signal sequence found in its cytoplasmic domain appears to be the critical factor in the
transport of MHCII [21].

The polarized nature of typical epithelial cells, such as those found in the small intestine and
lung, requires selective glycoprotein trafficking from the Golgi to either the apical or
basolateral surfaces. Secreted and surface-bound glycoproteins designed for apical
expression can use lectin accessory molecules to direct trafficking, indicated by the
unrestricted localization when the glycans are removed [22]. Two such molecules identified
to have apical sorting functions are the mannose-binding lectin VIP36 and the galactose-
binding lectin galectin-3. Although most glycoproteins relegated to basolateral surface
expression are also N-glycosylated, such as the MHC molecules, it appears that their sorting
relies more exclusively on protein signal sequences rather than carbohydrate—lectin
interactions [22, 23].

The role of N-glycans in glycoprotein stability can be mediated in multiple ways. N-
Glycosylation can provide structural rigidity and/or maintain binding accessibility to
residues both immediately surrounding an acceptor site as well as more distant domains,
collectively increasing the overall stability of a protein [24] while maintaining the folded
confirmation of the glycoprotein [25]. N-Glycans also can provide protection to the protein
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backbone from proteolysis. This protection is believed to occur either via direct steric
hindrance of the approach of proteases or indirectly through changes in the protein structure
to alter enzyme recognition site accessibility. It remains unclear if the N-glycans found on
MHC molecules protect the protein structure from enzymatic degradation; however, the N-
glycans of the chaperone li are important for preventing premature enzymatic proteolysis
and dissociation from MHCII prior to its transport from the secretory pathway to endocytic
vesicles [26]. The controlled proteolysis of li that occurs in endocytic vesicles by resident
cathepsins [27] allows MHCII to bind antigenic peptides that are generated from proteolytic
processing of exogenous antigens.

At the cell surface, protein glycosylation is thought to act as a molecular spacer to correctly
orient signaling and adhesion molecules to facilitate proper cell-to-cell communications.
Rudd and colleagues proposed that the N-glycans of MHC molecules could act as lateral
spacers for cell surface molecules to prevent close protein—protein interactions [13]. This
model is based largely on molecular packing patterns of MHC and other immune-related
surface glycoproteins within crystals for crystallographic analysis, and it suggests that
glycosylated MHC and T cell receptor (TCR) molecules would be spaced apart at the cell
surface by the extended N-glycans, thereby constraining lateral association of glycoproteins.
Their analysis also found that the maximum width of a MHC glycoprotein is similar to that
of its cognate TCR ligand on T cells, which suggests that the N-glycans would limit the
geometry and interaction of any TCR-MHC clusters on the cell surface [13].

More recently, it has become clear that galectins, a family of animal lectins that share a
common carbohydrate recognition domain, are a missing link in the “spacer” model. Most
galectin family members are multivalent molecules that bind derivations of the common
disaccharide N-acetyllactosamine (GalB1,4GIcNAc; LacNAc) found on branched N-glycans
and thus link together cell surface glycoproteins into an ordered lattice-like conformation
[28, 29]. The selective glycan binding preferences of individual galectins can differ
substantially, which has been suggested to be the basis of the functional differences in their
biological activity. Variations in glycan binding are mainly associated with the extent of N-
glycan branching, the multiplicity of LacNAc residues, and/or the modification of terminal
residues (i.e., sialylation or fucosylation) [28]. Illustrating the role of galectin—glycan
interactions at the cell surface, it was found that the N-glycosylated TCR on the surface of
naive T cells forms a lattice that blocks spontaneous oligomerization in order to prevent
unwanted signaling events. Conversely, upon T cell activation, the N-glycosylation pattern
changes notably (e.g., four- to eightfold increase in branching), which alters galectin binding
domains and the lattice structure, thus influencing T cell activity [12]. Although not
described, galectins may also act to organize MHC molecules on the surface of antigen
presenting cells. Differences in N-glycan structure and sialylation between cell types [30,
31] may indicate differences in galectin-associated molecular organization at the cell surface
and thus influence T cell responses. Additionally, the differences in number of N-glycans
between human (1 glycan) and mouse (two to three glycans) MHCIla molecules compared to
MHCII molecules (three glycans) may reflect a specialized organizational lattice designed
for optimal CD8" T cell or CD4* T cell stimulation, respectively.

MHCIa molecules are composed of a heavy chain glycoprotein that associates with the non-
glycosylated f2-microglobulin protein, forming the heterodimer that is responsible for
antigenic peptide presentation at the cell surface. The MHCla alleles have a single highly
conserved acceptor site for N-glycosylation at approximately Asn8 on the heavy chain
subunit (Figs. 2 and 3). After the core GlcgMangGIcNAC; structure is added to Asn®, it is
quickly processed by glucosidases | and Il to generate monogluco-sylated
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GlciMangGIcNAc,, which enables interaction with calnexin and calreticulin. Along with
additional accessory molecules, these chaperones function in the ER to ensure proper
folding of the heavy chain, association with f2-microglobulin, and loading of antigenic
peptide to the binding groove [32]. It is important to note that for MHCla, antigen loading
occurs in the ER prior to the majority of N-glycan modifications in the Golgi, whereas
antigen loading for MHCII occurs after exiting the secretory pathway when it has fully
complex and mature N-glycans. This temporal and spatial difference in MHC antigen
loading appears to delineate an additional functional role for complex N-glycans in MHCII
antigen binding and presentation [33].

Although it is well established that the precursor high mannose N-glycan plays a critical role
in proper folding and assembly of the MHCla, much less is known about the role of the
mature complex N-glycan found on MHCla as it exits the secretory pathway for cell surface
localization. Computer modeling of oligosaccharide structures in the context of mouse
MHCla crystallographic information indicates that the glycans control crystal packing [13].
This suggests that, similar to the TCR [12], at the cell surface, the class la N-glycans could
physically space the molecules from adjacent surface receptors and control the extent of
clustering. Additionally, a study by Mandal and Mukhopadhyay which modeled MHCla
glycoprotein—glycan dynamics indicated that the type and length of branching found on
complex N-glycans might modify the local protein conformation, which could potentially
influence ligand binding sites on the molecule and T cell recognition specificity [34].

Unlike the structural heterogeneity of N-glycans typically associated with individual
glycosylation sites of mammalian glycoproteins [35], Barber et al. found that across multiple
allotypes of HLA-A, HLA-B, or HLA-C isolated from EBV-transformed human B cell lines
that there was surprisingly limited structural diversity in the MHCla-associated Asn86 N-
glycan [36]. HLA-A and HLA-B were limited to one of two disialylated complex N-glycans,
SA,GalzMan3zGlc-NAcsFuc (triantennary) or SA,Gal,MansGlcNAc4Fuc, (bi-antennary),
where the bi-antennary N-glycan predominated. Either of these two structures could be
found on HLA-C in addition to two alternative structures that lack sialylation and galactose
linkages (i.e., Man3GIlcNAc4Fuc, or MangGIlcNAc,). Although not found on HLA-A or
HLA-B, these alternative structures composed a significant fraction of N-glycans found on
HLA-C. To confirm that the structures found on the B cell lines were relevant to
physiological states rather than artifacts of the cell transformation process [37] or in vitro
cell culture conditions [38], HLA glycoproteins from peripheral blood lymphocytes (PBL)
of healthy individuals were directly isolated for N-glycan analysis. In pooled HLA
preparations, the four N-glycan structures appeared to be present in addition to a
monosialylated structure. The major N-glycan found on PBLs was identified as the same bi-
antennary N-glycan on the HLA allotypes of the B cell lines [36]. Analysis of mouse B cell
and T cell lymphoma lines showed that bi-antennary N-glycans also predominate among
mouse MHCla molecules [39, 40]. Comparable to human MHCla, the conserved Asn®8 site
of mouse MHCla exhibits similar branching patterns and similar size distribution; however,
a second mouse-conserved site (Asnl76) appears to have a more heterogeneous N-
glycosylation pattern indicated by the disparate proportion of triantennary structures
between allotypes [39], suggesting that the mechanism(s) constraining Asn86 site N-glycan
modifications may be more characteristic of the site rather than the molecule. While the
branched core structure of the Asn® site N-glycan appears to be relatively homogeneous
within lymphocyte lineages (i.e., B cells and PBLS), the degree of terminal sialylation may
be more variable between tissues. Although the branching pattern was not determined and
the study was limited to the mouse system, a comparison of MHCla allotypes isolated from
macrophages, lymphocytes, and hepatocytes found an increasing degree of N-glycan
sialylation, respectively [41]. The biological role for the relative homogeneity of MHCla N-
glycosylation pattern in the context of varying sialylation usage remains unclear. Due to the
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broad expression pattern of MHCla across most nucleated cells, a similar N-glycan structure
at a highly conserved site may play a role in providing consistent geometric spacing and
orientation of the MHC at the cell surface that could be modified in a cell dependent fashion
based on sialylation [28], rather than conferring additional information directly to CD8* T
cells [13]. The absence of N-glycans or changes in MHCla sialylation do not appear to affect
the allospecific or peptide-specific cytotoxic T lymphocyte (CTL) recognition of MHCla
molecules [42].

It is interesting to speculate that the alternative N-glycans found on HLA-C may correlate
with a functional role separate from those of HLA-A and HLA-B. Unlike HLA-A and HLA-
B, HLA-C is expressed at the cell surface at much lower levels, and it appears to bind a
more restricted repertoire of peptides, which suggests a reduced role in antigen presentation
to CD8* T cells. Rather, HLA-C appears to play a more prominent role in natural killer
(NK) cell receptor interactions. Human NK cells express a family of killer cell
immunoglobulin-like receptors (KIR), similar to the mouse Ly49 receptors, which can
confer cell activating or inhibitory signals upon ligation. The inhibitory p58 KIRs (CD158a
and CD158b) can discriminate between two groups of HLA-C allotypes depending on the
presence of a lysine or asparagine at position 80 of the heavy chain and upon ligation
provide a dominant inhibitory signal to prevent NK cell lysis. The relative proximity of the
Asn® N-glycan to this recognition site was thought to possibly influence CD158
interactions. By mutating the Asn86 acceptor site, Baba et al. found that HLA-C molecules
lacking N-glycosylation had decreased binding to CD158a. The decreased binding by HLA-
C mutants was also reflected functionally by decreases in CD158a-mediated inhibition of
NK cell lysis. Interestingly, the presence of an immature high-mannose N-glycan on HLA-C
rather than the complex-type did not appear to affect CD158a binding [43]. This suggests
that the physical presence of the Asn86 N-glycan on HLA-C may be more important than its
specific structure or electrostatic charge provided by terminal sialic acids and that the
potential functional role for the alternative N-glycan structures characterized by Barber et al.
is not related to CD158a binding. However, the N-glycan may be contributing indirectly to
CD158a bhinding by influencing the confirmation of the protein backbone, which is a
reported role for N-glycans in other settings [24], or the core structure of the N-glycan is
sufficient to mediate interactions with CD158a.

In addition to the highly conserved Asn8® site, some non-human species have additional
acceptor sites for N-glycans on the MHCla heavy chain. For example, all mouse allotypes of
MHCla have a second conserved heavy chain N-glycosylation site at Asn176 and less
frequently at Asn2%6 [39]. It remains unclear what functional relevance the Asn1’6 N-glycan
on MHCla plays in mouse immune responses. Interestingly, introduction of the second
Asnl76 N-glycosylation site to human MHCIla molecules could only slightly rescue its cell
surface expression when the highly conserved Asn® site was absent [14]. This indicates that
the Asn76 likely plays an uncharacterized but separate, non-redundant role from the Asn86
N-glycan and that MHCla chaperone interactions and subsequent molecular transport
through the secretory system appear to rely on both the Asn86 N-glycan and the underlying
protein structure of the heavy chain.

One possible explanation for the additional Asnl”6 N-glycan on murine MHCla may involve
mediating innate immune responses through interactions with Ly-49 receptors [44]. Ly-49
glycoproteins are members of the C-type lectin-like, NK cell family of receptors that
transmit activating or inhibitory signals upon ligation. The Ly-49 receptors have a single
lectin-like extracellular domain indicating carbohydrate binding activity, although its exact
role in receptor function is not completely clear. Interestingly, coinciding with the absence
of multiple N-glycans on human MHCla, functional Ly-49 receptors are not found in
humans, suggesting that the additional N-glycans on mouse MHCla may represent
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intraspecies immune co-evolution with NK cells to specifically protect against especially
virulent mouse pathogens. Conversely, pathogens may have co-evolved with mouse MHCla
to exploit potential immune evasion mechanisms. For example, there is evidence that the
mouse cytomegalovirus (CMV)-encoded m154 glycoprotein, a structural mimic of MHCla,
evolved to functionally “hide” CMV-infected cells from immunodetection by binding an
inhibitory member of the Ly-49 family [45]. Similar to MHCla, the N-glycosylation of
m154 may have a role in interactions with Ly-49 molecules [46] in that N-glycans on m154
appeared to play an important role in its extraction and physical transfer (trogocytosis) to
adjacent Ly-49 expressing cells [46]. Trogocytosis is a phenomenon by which NK cells and
other lymphocytes can acquire cognate ligands, such as MHCla molecules, through specific
receptor binding [47, 48]. Considering the m154 mimicry of MHCla, an unexplored
potential role for the complex N-glycans found on MHCla may involve the trogocytosis
process.

The MHCIb subfamily includes both glycosylated [49, 50] and non-glycosylated [6]
molecules expressed at the cell surface. Unlike the well-defined function of the “classical”
MHCIa and MHCII molecules in antigen presentation to aff TCR-expressing CD8* T cells
and CD4* T cells, respectively, the “non-classical” MHCIb categorization includes a more
functionally diverse group of molecules. Within species, the MHCIb molecules are
structurally related to MHCla molecules, including associations with $2-microglobulin;
however, they lack the high degree of polymorphism seen in the classical MHCla and
MHCII molecules [5]. Also, it is well established that some MHCIb molecules can act as
innate immune receptors (i.e., NK cell receptors). MHCIb molecules include HLA-E, HLA-
F, HLA-G, and HLA-H (HLE) in humans and transcripts from the H2-M, H2-Q, and H2-T
regions in mice.

HLA-E and its functional homologue in mice, Qa-1b, are relatively non-polymorphic
MHCIb molecules that bind and present nonameric leader peptides derived from the signal
sequences of the MHCla heavy chains, in addition to various pathogen-associated and
antigen presentation defect-associated peptides [51]. Similar to their related intraspecies
MHCla molecules (e.g., HLA-A and H2-D; Figs. 2 and 3), HLA-E and Qa-1b maintain the
conserved one and two acceptor sites for N-glycosylation, respectively. This suggests that
the role for N-glycans on these molecules is likely similar to that of the classical class la
molecules.

Based on available heavy chain sequence information, the potential N-glycosylation pattern
for the mouse Q9 (Qa-2 isoform) and H2-M3 molecules more closely resembles the human
MHCIla and Ib molecules in that only the highly conserved acceptor site found across
species (Asn8®) is present. Although little is known about the role of N-glycosylation of Q9
and H2-M3, it is reasonable to speculate that it is at least involved in a common activity to
facilitate early events in protein folding and quality control.

In addition to HLA-E, humans express three additional f2-microglobulin-associated MHCIb
molecules (HLA-G, HLA-F, HLA-H). Like the MHCla molecules, HLA-G and HLA-F,
both carry a single N-glycan at the same highly conserved acceptor site. In the mouse, the
non-classical Qa-2 molecule is thought to be a functional homolog to HLA-G [52]. Unlike
HLA-G, Qa-2 has an additional potential N-glycan acceptor site at Asn2%6 of the heavy
chain (Fig. 3). This Asn26 site is also found in some mouse MHCla allotypes (H2-DP, DX,
K9 but not others (H2-DY, KP, KX) as described above [14, 39], although a possible
functional role remains unclear. HLA-G plays an important role in immune tolerance
through direct binding with inhibitory receptors immunoglobulin-like transcript-2 and

Semin Immunopathol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ryan and Cobb

Page 8

immunoglobulin-like transcript-4 and the inhibitory KIR 2DL4 [53]. The expression pattern
of HLA-G includes seven different protein isoforms, generated by alternative splicing of the
primary mRNA transcript. HLA-G1, HLA-G2, HLA-G3, and HLA-G4 are membrane-
bound isoforms whereas HLA-G5, HLA-G6, and HLA-G?7 are secreted [53]. Of the
membrane-bound forms, HLA-G1 (Fig. 2) is more structurally similar to MHCla molecules
and is expressed at the cell surface with a mature complex N-glycan. However, HLA-G2,
HLA-3, and HLA-4 are truncated versions of the heavy chain that do not associate with 32-
microglobulin and are expressed with an immature high mannose/hybrid N-glycan [53, 54].
Although a well-defined functional role for HLA-F has yet to be established, these
molecules also have a propensity to be expressed at the cell surface with high mannose/
hybrid N-glycans [55]. Similar to observations with the MHCI-like lipid-presenting
molecule CD1d, the absence of 2-microglobulin association in the ER may play a role in
relegating these glycoproteins to an alternative pathway that results in the high mannose/
hybrid glycosylation pattern [55, 56].

HLA-H is now more commonly referred to in humans and mice as HFE after it was found to
be mutated in most cases of hereditary hemochromatosis [57]. Although HFE appears to
play a prominent role in iron metabolism, it has also been characterized as possibly having
immune-associated activities. Hepatic iron overload in TCR delta chain knockout mice
provides indirect evidence that suggests that HFE is recognized by v6 T cells [58]. All three
of the putative N-glycosylation acceptor sites of human HFE appear to be occupied with N-
glycans. One of these sites, Asn!10 is in a comparable structural location to the highly
conserved site of MHCla molecules [59], which suggests that it may contribute a similar
role in early protein folding and quality control events in the ER. However, the presence of
the additional two N-glycans appears to provide a similar function if the Asn110 N-glycan is
absent [60]. It remains unknown whether changes in the N-glycan branching pattern at the
cell surface may influence cognate ligand interactions.

Although CD1 molecules are expressed by a genetic locus distinct from the MHC locus,
these important glycoproteins can also be characterized as “non-classical” MHC molecules.
These lipid and glycolipid antigen presenting molecules are represented by four isoforms in
humans (a, b, ¢, and d) and one in mice (CD1d). The overall structure and domain
organization of CD1 is similar to MHCla, with a heavy chain non-covalently associated with
B2-microglobulin; however, more significant differences are found in the antigen-binding
grooves and number of N-glycan acceptor sites. In the case of CD1d, the bound lipid
antigens are recognized by T cells expressing a CD1d-restricted invariant a chain and semi-
invariant 3 chain TCR. The human and mouse CD1d molecules have four [61] and five [62]
occupied N-glycan acceptor sites, respectively (Figs. 2 and 3). Studies have shown that
CD1d N-glycans associate with the lectin chaperones calnexin and calreticulin [61],
although calreticulin appears to be particularly critical for CD1d folding and assembly [63].
Selective removal of the Asn“Z site can affect the stability of the heavy chain and p2-
microglobulin heterodimer but does not appear to negatively affect surface expression [64].
Although there are conflicting reports about the roles of the other CD1d N-glycans, a
common finding is that the complete absence of CD1d N-glycosylation eliminates cell
surface expression of both mouse and human molecules; however, the lack of any individual
N-glycan is not sufficient to replicate this phenotype [64, 65]. This suggests that the N-
glycans may serve multiple and partially redundant roles in early chaperone-mediated
folding and trafficking events in the ER. At the cell surface, the presence of CD1d N-glycans
does not appear to directly affect T cell recognition of CD1d bound lipid antigens [64, 66];
rather, these complex N-glycans are proposed to serve an indirect role by providing stability
and proper organization and spacing to sustain TCR interactions, similar to that proposed for
MHCla [13, 65].
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MHCII molecules are heterodimers composed of non-covalently associated alpha and beta
chain glycoproteins. MHCII has two highly conserved acceptor sites for N-glycosylation at
approximately Asn’8 on the alpha chain and at Asn® on the beta chain (Fig. 4). Although
not as highly conserved across evolution, within many species, including humans and mice,
there is a conserved second acceptor site on MHCII alpha chains at Asn118, which is more
frequently found on DQ-related rather than DR-related MHCII molecules (Fig. 4).
Interestingly, the Rhesus and cynomolgus macaque monkey species that are commonly used
in biomedical research appear to lack the DR alpha Asn118 site (Fig. 4; cynomolgus
macaque not shown), a distinction that is not found in different ape species or in humans
(Fig. 4; chimpanzee, gorilla, and gibbon not shown). On the other hand, some species of pig
(i.e., Sus scrofa) have the second Asn!18 site in addition to a third potential N-glycosylation
site on their DR alpha chain, as compared to the more evolutionarily distant DR-related
alpha chain in chickens [67] that maintains only the single highly conserved Asn’ site. The
variable presence of acceptor sites on DR-related rather than DQ-related MHCII molecules
may correlate with separate functional roles of the MHCII allotypes and indicate different
immune-related selective pressures, beyond ER protein quality control events, as the
evolutionary branches diverged. For example, the Asnl18 site of mouse DR-related MHCII
(H2-E) appears to influence the adaptive immune response through T cell repertoire
selection (see below) [68].

Like MHCla, the MHCII heterodimer is formed and folded in the ER in the context of
linked immature core N-glycans; however, a significant difference is that the MHCII antigen
binding groove is bound with the i chaperone rather than antigenic molecules [17, 69, 70].
The evolutionary conservation of acceptor sites, as seen with MHCla, suggests an important
functional role for the N-glycans; however, unlike MHCla, a common role for MHCII N-
glycosylation has been elusive despite the striking structural similarity of the Asn’8 site to
the analogous Asn®8 site in MHCla molecules (Figs. 2 and 3). In stark contrast to MHCla,
the MHCII N-glycans expressed on different antigen presenting cell populations are
heterogeneous in branching pattern and sialylation usage [30]. This is even true within a
particular cell type and in homogeneous cell populations where the MHCla N-glycans are
relatively homogeneous [36, 39]. For example, the analysis of a homogenous B cell
lymphoma line (AKTB-1b) found that the N-glycans linked at specific acceptor sites on
MHCII contain microheterogeneity, a phenomenon that is thought to be influenced by
context of the acceptor site within the peptide backbone [39, 71]. Due to the numerous
diverse roles of N-glycans described earlier, it is interesting to speculate that changes in the
N-glycosylation pattern of MHCII may reflect a cellular mechanism to diversify the function
of a limited selection of MHCII proteins and thus may contribute to “fine tuning” the
outward CD4* T cell response to antigens in a cell type-specific context.

Computer modeling of a crystallized human MHCII molecule indicates that both alpha and
beta chain N-glycans likely protrude outward from the MHC surface [72]. Interestingly,
Asn’8 is located at the edge of the antigen binding groove suggesting it may influence TCR
interactions, whereas Asn118 is located closer to the cell surface [68] (Figs. 2 and 3).
Ishikawa and colleagues published a study in 1995 using transgenic mice with mutated
MHCII (H2-E) alpha chain acceptor sites that suggested a role for Asn118, but not Asn’8, in
T cell thymic selection based on differential V TCR usage [68]. It remains unclear whether
the effect on thymic selection was due to a direct role of the N-glycans in antigen
presentation or receptor binding, or to an indirect role through structural misalignment of the
binding surface, though the position of Asn118 distal to the TCR binding sites supports a
model in which it plays an indirect role in receptor association. An earlier study by Wei and
colleagues also examined roles for N-glycans at the alpha chain Asn’8 in addition to the beta
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chain Asn19 acceptor sites using vector-expressed mouse class 11 (H2-A) in B lymphoma
cells lines [73]. Like Asn’8, beta chain Asn19 is located proximal to the antigen-binding
groove [13]. Loss of N-glycans at Asn’8 and Asn® appeared to have mixed influences on
the stimulation of different peptide-specific T hybridoma cell lines, which is in contrast to
studies showing no effect of the N-glycans on peptide antigen binding, presentation, and
specific T cell responses [33, 74, 75]. Furthermore, removal of the beta chain Asn19 site
resulted in the loss of an alpha chain serologic epitope, which suggests that an N-glycan at
this site may influence the structure of MHCII molecules [73]. In both studies, the role for
N-glycans could not be attributed to changes in the relative surface expression of cell surface
MHCII, but these results must be considered in the context of the experimental systems
utilized. Transformed antigen presenting cell lines and the responding T hybridomas, due to
their malignant nature, can have significant differences in N-glycosylation patterns than that
of their primary cell counterparts [76, 77]. In fact, aberrant glycosylation patterns are
hallmarks of many cancer cell glycoproteins [78, 79] that are targets in ongoing cancer
vaccination efforts [80-82].

Unlike MHCla, a role for MHCII N-glycans in mediating ER-localized chaperone
interactions has not been established. In fact, neither blockade of N-glycosylation with
tunicamycin [19] nor expression of MHCII lacking N-glycosylation acceptor sites [68, 73]
significantly reduces the cell surface concentration or localization of MHCII molecules,
demonstrating independence from the calnexin/ calreticulin pathway. Instead, the invariant
chain (li) trimeric complex makes contact with alpha and beta chain heterodimers within the
antigen binding groove [83] and along a conserved region of the beta chain [84]. These two
regions lack N-glycans, demonstrating reliance upon li-mediated protein—protein
interactions for appropriate trafficking of MHCII through the secretory pathway.

MHCII N-glycosylation: a new functional role

While the argument in support of the N-glycans serving to induce proper spacing of the
MHCII on the cell surface for T cell recognition has precedent for other membrane
glycoproteins [12, 85], the biological application of that hypothesis for MHCII has not been
demonstrated and remains a model based solely on the packing of MHCII molecules in
crystal lattices for structure determination [13]. Likewise, the model in which N-glycans
protect MHCII from proteolytic cleavage within vesicles and at the cell surface does not
hold up experimentally in that cell surface concentrations of MHCII are not significantly
affected by the inhibition of MHCII N-glycosylation [33, 68].

We recently found that complex N-glycans on MHCII molecules have a direct functional
role in antigen presentation to CD4* T cells [33]. While studying MHCII antigen
presentation of a new class of zwitterionic polysaccharide T cell-dependent antigens (e.g.,
type | Sreptococcus pneumoniae capsular polysaccharide, Spl; Bacteroides fragilis
polysaccharide A, PSA) we found that, unlike peptide antigens, these carbohydrate antigens
(glycoantigens) failed to significantly associate with bacterially expressed human MHCII
molecules. This was a surprising finding since the glycoantigens, like peptide antigens, bind
with nanomolar affinity to the same MHCII molecule expressed by mammalian cells [86]. It
is well-known that bacteria, along with other lower order organisms such as yeast and fungi,
lack the machinery to produce complex-type N-glycans. Further examination found that it
was in fact the lack of mammalian complex N-glycosylation that precluded antigen binding
and presentation.

The function of complex N-glycans on MHCII was defined in part using the glucosidase
inhibitor castanosper-mine and the mannosidase inhibitor kifunensine. By blocking these
enzymes in the N-glycan synthesis pathway (Fig. 1), the MHCII glycoproteins will still have
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an N-glycan structure at their respective acceptor sites but will be mostly limited to high
mannose and hybrid N-glycans (structural intermediates in the secretory pathway) rather
than the normal complex-type branching of the native N-glycan structures. Similar to
previous studies [74], we found that the absence of complex N-glycans did not affect cell
surface localization of MHCII or its function in presenting selected peptide antigens.
Furthermore, enzymatic removal of terminal sialic acids with neuraminidase showed that
sialylation of complex N-glycans on MHCII did not appear to be responsible for antigen
binding. Likewise, glycoantigens failed to associate with oligosaccharides in the absence of
the MHCII protein backbone; thus, it appears that both the structure of the complex N-
glycans and the MHCII backbone are both important for glycoantigen presentation since
neither structure alone could recapitulate antigen binding [33].

MHCII binding of glycoantigen and peptide antigen is competitive and dependent on HLA-
DM expression [86, 87], suggesting that the glycoantigens interact within the peptide
binding groove in some way. However, the processed 3-10-kDa polysaccharide that is
presented by MHCII [86, 88] is much larger than the 13-18 amino acid peptide that is
typically found associated with the peptide binding groove. Moreover, we have
demonstrated that the glycoantigen helical conformation [89, 90] is also required for stable
association with MHCII [91], yet the size of this helix is too large to fit into the peptide
groove in any classical fashion.

While it is presently unknown how complex N-glycans on MHCII contribute to
glycoantigen binding and presentation, there are at least two explanations. First, it is
possible that the change from complex to high mannose/hybrid N-glycans causes structural
alterations in MHCII that inhibit proper glycoantigen binding. This model, however, suffers
from the observation that peptide binding is unchanged under these conditions, suggesting
that any change in structure does not significantly affect the peptide binding groove.
Likewise, the lack of complex N-glycans does not appear to adversely affect the action of
HLA-DM in catalyzing the exchange of the invariant chain peptide with antigenic peptides
in antigen presenting cells, further arguing against structural changes. Nevertheless, it
remains possible that the change to more primitive high mannose/hybrid N-glycans causes
conformational differences. If this model is correct, it would mean that any crystal structure
of an MHCII molecule lacking mammalian complex N-glycans is lacking functionally
significant differences in protein structure.

The second possible explanation is that the complex N-glycans directly interact with the
glycoantigen during presentation. We believe that this possibility is more likely correct,
although this model would be controversial in that it requires direct carbohydrate—
carbohydrate interactions to be critical during presentation of glycoantigens by MHCII.
However, direct participation in the binding event fits with all of the data reported thus far.
Based on molecular modeling of MHCII glycoproteins [13], it is likely that the antigen
binding platform could be significantly extended by glycan structures protruding from the
protein backbone. Since complex N-glycans are physically large structures that are
comparable in size to an immunoglobulin domain (i.e., 30x10x 10 A)[13], it is conceivable
that binding of the relatively large glycoantigens to the MHCII glycoprotein is stabilized by
the increased surface area provided by the complex N-glycan(s) beyond that of the
characterized peptide binding groove. In fact, the N-glycans found at Asn’® and Asn1? are
almost exclusively highly branched complex oligosaccharides [39], which are not only
critical for glycoantigen binding [33] but would also offer the greatest additional binding
surface area. Furthermore, the helix formed by the glycoantigen [89, 90] is characterized as
having a major groove of a size (5x10x10 A) appropriate for engulfing a protein alpha helix
[90] in a similar fashion as some DNA-binding proteins [92]. Taken together, these data
suggest a mode of binding between glycoantigens and glycosylated MHCII where the
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glycoantigen makes contacts within the peptide binding groove as well as with the complex
N-glycans while straddling one or both of the alpha helices on MHCII lining the groove, as
modeled in Figs. 5 and 6. Indeed, when the N-glycans are digitally reduced to hybrid
structures, the potential contacts with the glycoantigen are lost in the model (Fig. 6).
Although merely a hypothesis, this structural model is consistent with all of the data
reported to date and may provide a guide to unraveling the true mode of glycoantigen
binding to MHCII and the role complex N-glycans are playing.

Context-dependent control of MHC N-glycosylation

The repertoire of N-glycans produced by each cell is a reflection of the type of
glycosyltransferase and glycosidase enzymes expressed, chosen from a collection in excess
of 200 in the mammalian genome [4]. The wide range of combinatorial enzymatic activities
expressed at any given time greatly increases the complexity of the possible oligosaccharide
structures (i.e., complex N-glycans) and potentially introduces context-dependent functions
for a given glycoprotein. In fact, individual glycoproteins can be found with a range of N-
glycosylation patterns, although the underlying amino acid sequence remains unchanged.
For example, the N-glycans found on the human erythrocyte CD59 glycoprotein can be
extremely heterogeneous, with more than 120 glycosylation variants identified [93]. It is
possible, if not likely, that alterations in complex N-glycan structure found on cell surface-
expressed glycoproteins and secreted glycoproteins may transmit functional information
beyond that of the protein backbone itself.

The idea that post-translational protein modifications can transmit functional information is
not a new one. Protein phosphorylation is a well-known and widely studied mechanism by
which cells relay intracellular and intercellular information. In the immune system, the
MHC glycoproteins, due to their antigen presentation capabilities, are critical for
information exchange with T cells. An early observation by Cullen et al. showed that
MHCII molecules were differentially glycosylated when expressed by different antigen
presenting cell types found in the spleen [30]. Immunoprecipitated MHCII molecules
isolated from B cells or the adherent cell population, known to contain mainly macrophages
and dendritic cells, were analyzed by various electrophoretic methods to show that the B cell
alpha chains appeared to contain a larger quantity of sialylation, whereas the beta chains
appeared to have a similar pattern between the antigen presenting cell types. Neuraminidase
removal of sialic acid residues resulted in a B cell alpha chain glycosylation pattern that was
comparable to the adherent cells [30]. A more recent study by Barrera et al. also suggested
that different cell types may differentially N-glycosylate MHCII molecules. Human MHCII
molecules immunoprecipitated from a gastric epithelial cell line (KATO I1I) and a B cells
line (JESTHOM) had different electrophoretic mobilities when analyzed by two-
dimensional electrophoresis. The apparent differences in MHCII molecular weight was
attributed to differences in the glycosylation pattern between the two cell types [31], and
although it was not directly examined, the differences between MHCII expressed by the
gastric epithelial cells and B cells appeared to result from changes not limited to variations
in sialylation.

The differences in B cell alpha chain sialylation were interesting observations; however, a
functional role of the increased MHCII sialic acid content has not been clearly identified.
Neuraminidase treatment of isolated B cell MHCII does not appear to alter T cell
recognition of presented peptide antigens [94]. Rather than playing a direct functional role,
the increased sialic acid content on B cell alpha chains may reflect a global increase in sialic
acid linkages on B cell glycoprotein N-glycans. For example, a study by Neel et al. provided
evidence that the N-glycosylation pattern of isolated MHCII molecules closely resembled
the glycosylation pattern of the total glycoprotein pool within each cell line, as compared to
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the major differences detected between cell lines [95]. MHCII N-glycan content was
analyzed by lectin chromatography and compared between an antigen presenting cell (EBV-
transformed human 430 B cell line) and that of the same serological class Il molecule
ectopically expressed in a mouse fibroblast cell line. While lectins can be useful in
identifying the presence of N-glycans and differentiating general structural differences, more
rigorous techniques, such as HPLC and mass spectrometry, are needed to define and
compare protein N-glycans.

The use of cell lines has been common to previous studies characterizing the complex N-
glycans found on MHC glycoproteins and other immune-related glycoproteins expressed by
mammalian cells. Cell lines are attractive for use in these experiments since they have
historically required very large numbers of homogeneous cells to yield the requisite amount
of glycoprotein that is needed to then extract and analyze the glycans. However, as
mentioned previously, the glycans found on these cell lines are likely quite different from
their primary cell counterparts. Indeed, the majority of mammalian glycoproteins on primary
cells carry complex N-glycans, yet glycoproteins from cell lines can express unusually large
amounts of high-mannose N-glycans [95]. Going forward, it will be important to focus on
the specific N-glycan structure(s) of MHC molecules on primary cells (i.e., non-
transformed) or even cells in vivo (i.e., not cultured ex vivo) in order fully understand a
physiological role of complex N-glycans on cell surface and secreted glycoproteins.

Unlike other MHCla and Ib molecules, the non-classical human CD1d molecule has been
shown to be expressed independent of 32-microglobulin, which appears to affect the N-
glycosylation pattern of the heavy chain [56, 96]. Kim and colleagues showed that
expression of CD1d in the 2-microglobulin-deficient FO-1 human melanoma cell line
resulted in a N-glycosylation pattern with immature carbohydrate side chains that had not
been further modified beyond the initial glycan transfer in the ER [56]. Interestingly, unlike
the CD1d glycoprotein heterodimer with 32-microglobulin that is expressed on both the
lateral and apical surface of the intestinal epithelium, a non-glycosylated, 2-microglobulin-
independent form with apical surface restriction has been identified [96]. The functional role
of these non-glycosylated CD1d molecules and its potential presence in additional tissues
remains unknown, although it is clear that T cells are able to respond to CD1d-presented
antigen from cells lacking $2-microglobulin [97-99]. In addition, CD1d-restricted T cell
responses, independent of B2-microglobulin, are readily detectable in an airway hyperre-
activity mouse model of asthma [100]. This indicates that f2-microglobulin is not necessary
for all CD1d antigen presentation functions. However, it remains unclear how the N-
glycosylation pattern and repertoire of antigens presented by f2-microglobulin -independent
CD1d molecules might influence the observed in vivo T cell responses.

N-Glycosylation in health and disease

The N-glycan structures found in a homeostatic setting are fairly uniform in a cell-type and
protein-specific manner; however, these structures can be altered significantly in
inflammatory and disease settings. There are many potential factors that contribute to these
changes, such as altered expression patterns of glycosidases and glycosyltransferases in the
Golgi apparatus, altered availability of the carbohydrate building blocks, or increased
expression of cellular proteins that may overwhelm the limits of the secretory pathway [79,
101].

Decreased cell surface expression of MHCla due to changes in N-glycosylation has been
proposed as one of the potential mechanisms by which viruses can evade immune detection
in infected cells. Interference in MHCla antigen presentation, by various means, is a
common mechanism used by viruses to evade detection. Tardif and Siddiqui showed that
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human hepatic cells stably expressing hepatitis C virus (HCV) had significantly decreased
surface expressed MHCla, which was attributed to lower levels of properly folded heavy
chain. The decrease in properly folded heavy chain correlated with a decrease in global
protein glycosylation in addition to a decrease in folded heavy chain found in the Golgi
apparatus [102]. Although no direct evidence was provided, it is likely that HCV was
inhibiting the very early events in N-glycosylation, possibly at the initial GlcsMangGIcNAC,
linkage by the OST or the subsequent glycan trimming by glucosidases | and 11 (see Fig. 1).
The lack of these events would then limit the activity of the calnexin and calreticulin
chaperones, which are important for proper heavy chain folding and assembly of MHCla
molecules [9, 10].

Changes in cellular glycosylation patterns are associated with conditions of chronic
inflammation such as rheumatoid arthritis, cancer, and inflammatory bowel diseases.
Inflammatory stimuli, including microbial products like LPS or various secreted cytokines
such as IL1, IL-6, and TNFa, can act directly on cells in the proximal environment or
systemically via the circulatory system. Inflammatory stimuli can alter the glycan branching
pattern and levels of sialylation of cell bound and secreted glycoproteins [101]. Although
not characterized directly, changes in total cellular N-glycosylation patterns are also likely to
be reflected on MHCII. It is known that inflammation stimuli can increase MHCI|I
expression levels [103, 104]. While the increased expression of MHCII on antigen
presenting cells (i.e., dendritic cells, macrophages, B cells) can be facilitated by numerous
types of stimuli, increased expression on cells that do not constitutively express the
molecule, such as epithelial cells, may require more selective cytokine stimulations [103].
Increased surface expression of MHCII coupled with changes in the N-glycosylation pattern
has the potential to significantly alter the presentation of T cell antigens that are sensitive to
changes in N-glycosylation.

In addition to cellular changes in glycosylation occurring secondarily to inflammatory
stimuli responses, abnormal protein glycosylation can directly promote inflammatory
conditions [105]. Originally generated for xenotransplantation research, it was found that
mice expressing a human transgene of a1,2-fucosyltransferase (hFUT1) unexpectedly
developed severe inflammatory colitis. Although these mice had profound disturbances in
the glycosylation pattern at mucosal barrier surfaces, it was found that the severe colitis-
associated condition was related to the abnormal glycosylation of cells in the immune
system and IL-12 cytokine responses [106], indicating the importance of proper immune cell
glycosylation in mediating and/or preventing intestinal inflammation. In the context of
antigen presenting cells and the MHCII glycoprotein, which we have recently attributed a
functional role for its complex N-glycan pattern as a direct mediator of proper glycoantigen
binding and presentation, dysfunction of proper glycosylation may be selectively important
for controlling intestinal inflammation. One of the most studied members of this family of T
cell-dependent antigens is the capsular PSA glycoantigen expressed by the common gut
commensal B. fragilis. Interestingly, the PSA has been shown to be a key bacterial factor
that can maintain gastrointestinal immune balance. PSA administered to gnotobiotic animals
(i.e., germ-free) appears to be sufficient to restore the Th1/Th2 T cell balance to that of
normally colonized animals [107]. In fact, PSA can induce a regulatory immune response
characterized by IL-10 production that shows remarkable efficacy in modulating T cell
activity [108] and inflammation in animal models of inflammatory bowel disease [109]. This
suggests that intestinal antigen presenting cells that encounter PSA are able to present the
glycoantigen due to the complex N-glycans attached to the respective MHCII molecules.
Presumably the glycoantigen presentation acts to stimulate a cohort of the CD4* T cell
repertoire to assist in controlling the inflammatory intestinal environment [109], yet if an
underlying disease mechanism alters those N-glycans, it could result in loss of this anti-
inflammatory T cell activity through inhibiting MHCII-dependent PSA presentation.
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A recent study by Mkhikian and colleagues provided interesting evidence for a unifying
molecular mechanism in multiple sclerosis (MS), a debilitating autoimmune and
neurodegenerative disorder that is associated with risk factors of both genetic and
environmental origin. The mechanistic theory suggests that both genetic variants (IL-7RA,
IL-2RA, CTLA-4, and MGAT1) and environmental factors (vitamin Ds/sunlight and
metabolism) can converge to dys-regulate the common N-glycosylation pathway, which may
significantly influence the pathologic potential of T cells [110]. Defects in the pathway are
thought to have a causal role in MS, which is supported by the development of spontaneous
inflammatory demyelination and neurodegeneration in Mgat1- and Mgat5-deficient mice
[111, 112]. Furthermore, a recent genome-wide association study of 1,040 MS patients
found that genetic variants of MGATS5, encoding the N-acetylglucosaminyltransferase V
branching enzyme (GIcNACT-V), were associated with disease severity. It should be noted
that the greatest genetic risk on MS susceptibility is associated with the HLA locus [113],
including different haplotypes of MHCII. Including T cells, select genetic variants that
directly disrupt the N-glycosylation pathway (i.e., MGAT1, MGAT5) would likely also
influence MHCII N-glycan patterns, which may also contribute to disease progression and/
or severity. For example, changes in N-glycan branching could affect the ability of MHCII
to present and stimulate glycoantigen responsive anti-inflammatory T cells [33]. In addition
to controlling intestinal inflammation, the PSA glycoantigen has been shown to control
neuroinflammation in experimental autoimmune encephalitis, an animal model of human
MS [114, 115], thus providing a potential connection between the genetic susceptibility for
MS with antigen presentation defects associated with changes in MHCII glycosylation.

Concluding remarks

The relationship between protein and glycan is a dynamic one. Attachment of the initial
core/high-mannose N-glycan in the ER can act to stabilize the conformation of the protein
structure both locally and at distant protein domains [11, 24]; however, later events in the
Golgi that mediate complex N-glycan branching and branch extension may further modify
local protein dynamics as well as the structure—function relationship [34]. Conversely, slight
changes to the peptide outside the acceptor site sequence can affect the final glycan structure
or site occupancy [116]. Thus, differences in the primary protein sequence that occur in
nature, such as those associated with disease susceptibility, may adversely affect
glycoprotein function in part by altering the glycosylation pattern. The MHC family is
associated with hundreds of diseases including most autoimmune disorders. These disease-
associated genetic variants may alter the peptide sequence in a way that changes the N-
glycosylation pattern and thus could confer an altered function to the final glycoprotein
product. Determining the extent of site-specific N-glycan microheterogeneity across the
highly polymorphic MHC allotypes is increasingly more realistic as new analytical glycomic
methods are developed [35, 117].

One of the intriguing facts of the MHC family of glycoproteins is that multiple sites for N-
glycosylation have been evolutionarily conserved, yet it has been difficult to define a clear
consensus for exactly what roles they play. The roles for some of these N-glycans, such as
that on Asn’® of MHCla, can at least partially be attributed to protein structure and quality
control events in the ER. While this may be a more ancient role for MHC N-glycosylation
that relates to genetic and three-dimensional structural analyses indicating a common
evolutionary origin of the family [118, 119], it could be suggested that the roles for N-
glycans became more diverse with the dual increases in complexity of the N-glycans
themselves and the immune systems as a whole in higher-order organisms. For example,
analysis of the MHCla and MHCI| crystal structure suggests that the highly conserved
Asn8 site of MHCla may have a similar counterpart in the Asn’8 site of the MHCII alpha
chain (Figs. 2 and 3). Both of the acceptor sites are positioned so that the attached N-glycan
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projects from the same distal end of their respective antigen binding grooves. However,
while site occupancy on MHCla Asn’8 plays an important role in ER protein quality control
events preceding cell surface expression, the MHCII N-glycan at Asn’8 does not appear to
significantly alter surface expression [68]. The divergent roles for N-glycans between MHC
classes (i.e., I1, 1a, Ib) may contribute to the respective functional differences of MHC
molecules in innate and adaptive immunity. Supporting this is the fact that within MHC
classes, there is a high degree of conservation of select N-glycosylation acceptor sites across
species, indicating that they likely contribute critical functional roles and thus there are
significant levels of evolutionary selective pressure to maintain the sites. However, with the
possible exception of MHCla molecules, it has been difficult to clearly define the functional
roles of the MHC N-glycans. One possible explanation is that N-glycosylation may have
multiple roles depending on variations in glycan structure in the context of the same
acceptor site. For instance, while the presence of the precursor high-mannose N-glycan is
important for MHCla quality control and antigen loading in the ER, the MHCla complex N-
glycans found at the cell surface may serve an additional functional role such as mediating
receptor—ligand interactions and/or molecular geometric spacing. Thus, simply eliminating
these N-glycosylation acceptor sites may mask detection of secondary roles for the N-glycan
structures in immune function.

To identify additional functional roles for N-glycosylation post-ER, recent studies have
developed new methods to selectively regulate N-glycan branching and branch extension in
the Golgi. For example, our recent study identifying a functional role for complex N-glycans
in MHCII antigen presentation utilized controlled gene deletion of Mgat2, which encodes
the Golgi-localized GICNACT-II enzyme, in order to focus on post-ER glycan functions [33].
Additionally, deletion of the Mgat5 gene encoding the GICNACT-V enzyme, a mediator of
branch extension, identified a role for TCR associated complex N-glycans in mediating
molecular cis-interactions at the cell surface via galectin—glycan interactions [120]. The
galectin-mediated interactions could also play an important role in organizing other cell
surface glycoproteins, such as MHC molecules, on the antigen presenting cell. In addition to
the MHC glycoproteins, the majority of the other molecules found at the interface of the
antigen presenting cell to T cell (i.e., the immune synapse) are also heavily glycosylated and
may control cis-interactions with one another [13]. These genetic-based methods allow for a
more clear understanding of how changes in cellular metabolism (e.g., during T cell
stimulation) or cell lineage differentiation that contribute to significant changes in the
protein N-glycosylation pattern [120, 121] relates to cell function.
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Fig. 1.

Simplified schematic of the N-glycosylation pathway in mammalian cells. Shown are the
different classes of N-glycans found in mammals and some, but not all, of the key enzymes
that create these structures for the readers easy reference. While this figure depicts events in
a particular order, it must also be noted that the pathway is more flexible than shown and
some of the enzymes can act in different order. For example, the MGAT1/MAN2A1L
reactions can occur in reverse order from what is shown
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HLA-DR2 HLA-A2 HLA-G

Fig. 2.

Structural comparison of human MHC molecules. Images were created using previously
defined crystal structures of HLA-DR2 (pdb| 1BX2), HLA-A2 (pdb|3D25), HLA-G (pdb|
1YDP), and CD1d (pdb|1ZT4). Alpha helices of the antigen binding groove are shaded blue
and the rest of the molecule in green. The upper panel shows lateral views with the
corresponding top view of each molecule found directly below. Putative N-glycan acceptor
sites are shaded yellow and shown as space-filled residues
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Fig. 3.

Structural comparison of mouse MHC molecules. Images were created using previously
defined crystal structures of mouse H2-Ek (pdb|3QIB), H2-Dd (pdb|3E6F), Qa2 (pdb|
1K8D), and CD1d1 (pdb| 3HEG). Alpha helices of the antigen binding groove are shaded
blue and the rest of the molecule in green. The upper panel shows lateral views with the
corresponding top view of each molecule found directly below. Putative N-glycan acceptor
sites are shaded yellow and shown as space-filled residues. The N7 and N110 designations
on CD1d1 show the approximate locations of the asparagine residues due to missing
coordinate data in the available PDB structure file
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LDIMIKRSNNTPNTNVPPEVTLLPNKPVELGEPNTLICFIDKFSPPVISVIWLRNGKPVTD
LEILIKRSNNTPNTNVPPEVTVLSDKPVELGEPNILICFIDKFSPPVVNVTWLRNGSPVTR
LDTMIKRSNHTPNTNVPPEVTVLSNTPVELGEPNILICFIDKFSPPVINVIWLRNGNPVTT
LDVMKERSNNTPDANVAPEVTVLSRSPVNLGEPNILICFIDKFSPPVVNVTWLRNGRPVTE
LDIMIKRSNNTPDANVIPEVTVLPKSPVNLGEPNILICFIDKFSPPAVNVTWLRNGQPVTK
LEVMIGNSNRSQQDFVTPELALFPAEAVSLEEPNVLICYADKFWPPVATMEWRRNGAVVSE

LNIVIKRSNSTAATNEVPEVTVFTKSPMTLGQPNTLICLVDNIFPPVVNITWLSNGHSVTE
LNILIKHSNSTAATNEVPEVTVFSKSPVTLGHPNTLICLVDNIFPPVVNITWLSNGHSVTE
LDILIKRSNSTAATNEVPEVTVFPKSPVVLGQPNTLICLVDNIFPPVINVIWLRNGHSVSE
LDVLTKRSNFTPVINEVPEVTVFSKSPMVLGQPNTLICHMDN-FPPVINITWLKNGHAVTE
LNIVTKRSNNTAAVNKVPEVTVFSKSPVILGQPNTLICHVDSIFPPVINITWLKNGHSV-K
LNILTKRSNQTAATNEVPEVTVFSKSPVMLGQPNTLICLVDNIFPPVINVTWLKNRHSVTE
LEILTKRSNSTPATNEAPQATVFPKSPVLLGQPNTLICFVDNIFPPVINITWLRNSKSVTD
LEILMKRSNSTPAVNKVPEATVFSKSPVLLGQPNTLICFVDNIFPPVINITWLRNSKPVTE

Fig. 4.
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8-LWQPKRECHFFNGTERVRFLDRYFYNQEESVRFDSDVG-45

VYQARHECYAFNGTQ--RYLWRYIYNREEFVRFDSDVG
LEQAKSECHFFNGTERVRYLIRYIYNQEENARFDSDVG
LEAVKFECRFSNGTERVRFLERRFHNGEEYARFDSDVG
LEYYKGECHFFNGTERVRFLDRHFYNGEEFVRFDSDWG
LFLVKDECHFFNGTERVRLLQKQYYNGEEHVRFDSDVG
LEMVKFECHFTNGTERVRYLARDIYNREEILRFDSDVG
LEYCKSECHFYNGTQRVRLLVRYFYNLEENLRFDSDVG
LEQVKGECHFYNGTQRVRFLARYIYNREEYTRFDSDVG
FHGVIAECHYLNGTERARFLARHIYNRQQYAHFDSDVG

8-VFQFKGMCYFTNGTERVRLVTRY IYNREEYARFDSDVG-45

VYQFKGLCYFTNGTERVRSVTRYIYNREEYVRFDSDVG
VYQFKGLCYFINGTERVRGVTRHIYNREEYVRFDSDWG
VVQFMGQCYFTNGTEHVRYVTRYIYNREEYVRFDSDVG
VVHFMCQCYFTNGTERVRYVTRYIYNQEETAYYDSDVG
VFQFKGECYFYNGTQRVRGVARYIYNQEEHLRFDSDVG
VYQFKFECYFTNGTERVRLLTKYIYNREEFVRFDSDVG
VHQFQPFCYFTNGTQRIRLVIRYIYNREEYVRFDSDVG
VYQFKGLCYYTNGTQRIRDVIRYIYNQEEYLRYDSDVG

MHCII N-glycan acceptor sites are conserved across species. Peptide sequence alignments
of MHCII DR-related alpha and beta chains (top) and DQ-related alpha and beta chains
(bottom). The consensus N-X-T/S acceptor sites (where X is any amino acid except proline)
are in bold text with the glycan-linked asparagine residue highlighted in red
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Fig. 5.

The predicted association of glycoantigen to the N-glycosylated MHCII molecule. This
model is based on recent evidence showing that glycoantigen binding is dependent on both
the MHCII peptide backbone and the presence of complex N-glycans [33]. Furthermore,
glycoantigen binding is competitive with traditional peptide antigens suggesting its
association with the antigen binding groove [86]. Alpha helices of the antigen binding
groove are shaded dark blue and the rest of the molecule in green. Using space filling, the
HLA-DR2 alpha chain N-glycan acceptor sites N78 and N118 are shown in orange and the
attached complex N-glycan structures are shown in yellow and gray, respectively. The Spl
glycoantigen is shown in light blue (coordinates provided by Julia Wang [89]). The left and
right panels are showing top and lateral views of the same complex. Images were created
using previous structural analysis of HLA-DR2 [122] and Sp1 (from S. pneumoniae) [89].
The glycosylated HLA-DR2 model was created using the GLYCAM web tool developed by
Dr. Robert Woods [123]
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with triantennary with small
cN-glycans hybrid glycans

Fig. 6.

Structural model of Sp1 glycoantigen bound to human HLA-DR?2 in the presence or absence
of complex N-glycans. Images were created using previously defined crystal structures of
HLA-DR2 [122] with modeled N-glycan structures (GLYCAM web tool [123]). The upper
and lower images are showing different views of Sp1 (coordinates provided by Julia Wang
[89]) associated with HLA-DR2 in the presence of attached triantennary complex N-glycans
(left) or hybrid N-glycans (right). Alpha helices of the antigen binding groove are shaded
blue and the rest of the molecule in green. The alpha chain N-glycan acceptor sites N78 and
N118 are shown in orange as space-filled residues with the attached N-glycan structures
shown in yellow and gray, respectively. The predicted association of a glycoantigen (Spl
from S. pneumoniae; blue) is shown
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