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Abstract

The cell-mediated adaptive immune response depends upon the activation of T cells via
recognition of antigen in the context of a major histocompatibility complex (MHC) molecule.
Although studies have shown that alterations in T cell receptor glycosylation reduces the
activation threshold, the data on MHC is far less definitive. Here, we discuss the data on MHC
glycosylation and the role the glycans might play during the adaptive host response.
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1. Introduction

The host response to infection is a multifaceted mechanism involving “innate” and
“adaptive” immune activation in combinations that are only now becoming clear. From the
adaptive side, the ability to present foreign antigen to T cells for recognition is a singular
event that is required for the initiation of the downstream effector pathways, including CD4*
Th2 T cells that promote antibody class switching, proinflammatory CD4* Th1 cells that
promote microbial clearance, cytotoxic CD8" T cells that are critical for clearing infected
host cells, or a number of other variants (e.g., NKT cells). Indeed, the genetic variability of
MHC molecules and the control of antigen presentation might be the two most important
aspects of the adaptive immune response, and thus for protection against infectious disease.

It is not surprising that essentially every autoimmune disorder has some degree of linkage to
at least one MHC allele. A rather famous example dating back to the mid-1970s is
Ankylosing spondylitis which shows remarkably strong linkage to HLA-B27, although
carrying that allele does not necessarily mean an individual will develop disease (or vice
versa)(recently reviewed in [1,2]). While we will not directly address the linkages of MHC
alleles with autoimmunity in this review, it is mentioned here for context in that MHC sits at
the crossroads of the self-versus-non-self decision the immune system is faced with
constantly. It is a delicate balance and when something alters that decision at the molecular
level, trouble nearly always ensues.
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2. The MHC Glycoprotein Family

The major histocompatibility complex (MHC), referred to as the human leukocyte antigen
(HLA) in humans, is a family of structurally and genetically related glycoproteins [3] that
present antigen from both exogenous (MHC class Il; MHCII) and endogenous (MHC class
I; MHCI) sources to T cells (recently reviewed in [4]). These glycoproteins are also key
factors in lymphocyte development and assist in maintaining overall homeostasis [5,6]. The
MHC family is highly polymorphic in some regions of the glycoprotein, while highly
conserved in other domains, and are found as heterodimers at the cell surface [3]. Other
members of the broad family include CD1, a MHCI homolog that is adapted to present
glycolipids rather than the traditional peptide antigens presented by MHCI [7]. As with
essentially every protein that travels the secretory pathway, MHC molecules are highly
glycosylated. There are two major forms of protein glycosylation, O- and N-linked, but the
dominant form found on MHC glycoproteins is N-linked [8]. What is perhaps most
remarkable about the Asn-X-Thr/Ser acceptor sites for N-linked glycans in MHC molecules
is their near absolute conservation across all animal species with MHC homologs. This
suggests that there is strong selective pressure to maintain specific sites of glycosylation on
MHC molecules, indicating that these glycans are critical for one or more aspects of MHC
structure and/or function.

With respect to function, CD1 presents glycolipids such that the acyl chains are buried in
long hydrophaobic channels and the carbohydrate is protruding from the top of the molecule
[7]. MHCI binds short peptides derived from proteins primarily localized in the cytoplasm
of the cell, making MHCI the main pathway for presenting antigens from viruses and other
intracellular pathogens [4]. MHCII, on the other hand, binds longer peptides derived from
proteins released from lysed microbes in the endocytic pathway [4] as well as zwitterionic
polysaccharides found within the capsules of some bacteria (e.g., Staphylococcus aureus and
Bacteroides fragilis) [9-11]. Finally, MHCII is also responsible for superantigen (¢e.g.,
Staphylococcus enterotoxins) binding and the antigen presenting cell-T cell crosslinking
[12] that initiates polyclonal and exaggerated T cell responses.

3. The N-Glycosylation Pathway

The N-glycosylation/secretory pathway in mammalian cells has been extensively reviewed
in the past [13], but it is important for the reader to understand some basics for this review
(summarized in Figure 1). Again, we will focus our discussion of the N-linked glycosylation
pathway since it is the dominant glycan form on MHC molecules. Proteins destined to be
glycoproteins are synthesized in the endoplasmic reticulum (ER), where the
oligosaccharyltransferase (OST) enzyme catalyzes the attachment of the initial
GlczMangGIcNAC; glycan on target asparagine residues in a co-translational fashion. This
core oligosaccharide binds to the ER chaperones calreticulin and calnexin, which assist in
folding of the nascent glycoprotein [14,15]. The action of glucosidase enzymes then remove
the terminal glucose molecules, thereby releasing the properly folded glycoprotein to
proceed down the secretory pathway in the Golgi apparatus. As such, ER glycosylation can
serve as a quality control step for the folding of glycoproteins.

Once the glycoprotein moves into the Golgi, the “high mannose” glycan attached to the
asparagine site is further trimmed of most of its mannose residues by mannosidases [13]. At
this point, the glycan receives its first additional GIcNAc residue by the GICNAc transferase
I enzyme (GICNACT-I), which is followed by further mannose trimming by the resident
mannosidase. The result is termed a “hybrid” N-glycan, where a single branch of GIcCNAc
has been added but mannose residues remain at the termini [16]. The first step into the
“complex-type” N-glycans is the addition of a second GIcNAc, this time by the GIcNAc
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transferase 11 (GICNACT-II) [17]. This critical step is then followed by the non-sequential
modifications performed by the collective activity of other GIcNACT enzymes (GIcNACT-
I11 through V)[18] as well as fucosyl-, sulfo-, galactosyl-, and sialyl-transferases [19].

To date, there are few known rules about how (or if) the nature of the glycan on a mature
glycoprotein is regulated, but it is clear that metabolic activity of the cell, expression levels
of the various enzymes, and the structure of the underlying protein backbone all contribute
to the final result. Indeed, it is critical to understand that glycosylation is not a template-
driven synthetic pathway, unlike protein and nucleic acid synthesis, and therefore provides
complexity and heterogeneity even within the same molecule with multiple glycosylation
sites.

4. Glycosylation of the MHC Class | Molecules

MHCI molecules are heterodimers comprised of a polymorphic transmembrane heavy chain
and the non-glycosylated p2-microglobulin. Within the heavy chain, Asn86 is the single
conserved site for Nglycosylation across all known alleles. As with essentially all
glycoproteins, glycosylation of MHCI molecules can serve a number of fundamental roles.
The ability of glycosylation to serve as a structural and folding check point has already been
mentioned [20,21], but glycosylation could also act as a means to direct trafficking to the
cell surface [20,21], to serve as a protective coat for the underlying protein against
proteolytic cleavage via steric hindrance [22], and act as a mechanism by which optimal
surface spacing is achieved within the plasma membrane for T cell recognition possibly
through interactions with the galectin family of carbohydrate-binding proteins [23,24].

MHCI molecules serve as a key example of the importance of glycosylation in protein
folding in ER [25]. The peptides that associate with MHCI molecules are derived primarily
from the cytosol and are transported into the ER via the tapasin/TAP-dependent pathway
[26,27]. As a result, peptide loading of MHCI occurs in the ER, prior to the N-glycan
processing in the Golgi. In fact, the core Glc;MangGIcNAc, glycan binding to the calnexin/
calreticulin chaperones is critical to promote association of the heavy chain with p2-
microglobulin as well as loading of the antigenic peptide into the binding groove [15]. This
can be seen when N-glycosylation is inhibited or in cells that express mutant MHCI lacking
the conserved asparagine, where the amount of properly folded and loaded MHCI at the cell
surface is dramatically reduced [25]. Although it appears that the conserved N-glycan site on
MHCI does not directly interact with or impact the nature of the peptide that is presented,
the N-glycan is critical for antigen binding to occur by virtue of its importance in recruiting
the chaperones to assist in peptide loading.

The importance of N-glycosylation in peptide loading of MHCI in the ER is well
established, but the role for the complex N-glycan on MHCI after moving through the
secretory pathway and to the cell surface for T cell recognition is much less clear. One
possibility is found in a theory born out of the crystal-packing properties of purified immune
receptors for structural studies. For example, it was thought that the complex N-glycans on
the T cell receptor (TCR) would act as physical spacers to prevent TCR self-clustering on
the T cell surface, thereby reducing auto-activation [24,28]. This notion was generally
correct, but the mechanism was not. It turns out that galectin molecules bind TCR glycans
and prevent cis-interactions and auto-activation by forming a lattice of molecules at the cell
surface [18]. Loss of galectin binding caused by galectin gene-knockout or changes in the
TCR glycans causes a breakdown of the lattice and a dramatic decrease in activation
threshold on the T cell. To date, it is unclear whether MHCI (or MHCII for that matter) bind
galectins to form lattices, and if so, the degree to which proper recognition of MHCI is
dependent upon those interactions; however, the crystal packing data on MHCI suggests the
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same spacing notion as it did with the TCR [24,28]. Indeed, it is possible that galectin
interactions are important for stable MHCI cell surface localization and that loss of the N-
glycans on MHCI could lead to enhanced surface loss by endocytosis, but future studies are
needed to test these possibilities.

Perhaps what is more remarkable about MHCI glycosylation is the relatively limited
diversity in the glycans that are attached at the Asn86 site. Different allotypes of HLA-A
and -B from a variety of EBV-transformed B cell lines showed that the predominant glycan
forms were either SA,GalzManzGIcNAcsFucy or SA,Gal,MansGlcNAcsFuc, (Figure 2),
and this general observation held up in studies of MHCI isolated from peripheral blood
lymphocytes of healthy volunteers [29]. Limited diversity of glycans on any given
glycoprotein is more the exception than the rule [30], suggesting that these two complex
structures could be functionally important, yet knowledge of the glycosylation composition
of MHCI molecules from non-lymphocytes is lacking. The only data reported to date
focused on the degree of terminal sialylation, which does vary between cells and tissues, but
the differences in overall composition and branching was not studied [31]. It is possible that
the limited diversity of glycans found on MHCI (HLA-A and HLA-B) play a role in
signaling to T cells the difference between normal- and altered-self such that the two normal
glycan forms represent normal-self, while the presence of other glycans on MHCI arising
from infection or inflammation may signal altered-self. This possibility remains unexplored.

In contrast to HLA-A and -B, HLA-C commonly carries two different glycans at the
conserved asparagine site that lack the galactose and sialic acid residues
(MansGIcNAc4Fucy or MansGIcNAcy; Figure 3)[29]. HLA-C differs from HLA-A and -B
in a number of ways, including lower surface expression and a possible role in natural Killer
(NK) cell activation. KIRs (killer cell immunoglobulin-like receptors) are surface molecules
expressed by human NK cells that are responsible for sending either inhibitory or activating
signals into the cell upon binding to HLA-C [32]. Interestingly, the glycan present at Asn86
of HLA-C appears to play an important role in the interaction between the inhibitory p58
KIRs, such as CD158a and CD158b, and HLA-C [32]. Ablation of the Asn86 glycosylation
site on HLA-C to prevent N-glycosylation not only decreased binding between HLA-C and
CD158a, but also led to a loss of NK cell lysis inhibition normally mediated by CD158a.
Although modifying the composition of the N-glycan at the Asn86 site in HLA-C does not
alter function, it is clear that the presence of an N-glycan is important for CD158a binding
[32]. To date, it remains unclear whether this effect is direct in that the glycan participates in
the binding event, or indirect via glycan-mediated conformational change of the binding site
in HLA-C.

Although the Asn86 site is conserved across all species, there is a noteworthy difference
between human and murine MHCI. Murine MHCI allotypes carry a second conserved N-
glycosylation site at Asn176 in the heavy chain [33]. The functional significance of this site
is not known, but a hint might be found in the cytomegalovirus (CMV) glycoprotein m154
which is a structural homolog to MHCI. Studies have shown that m154 appears to bind an
inhibitory member of the Ly-49 family of NK cell receptor proteins in mice in order to
evade immune detection [34]. Ly-49 receptors contain a carbohydrate recognition domain
(CRD) reminiscent of the CRDs found in lectins and are sometimes classified as C-type
lectin-like receptors [35]. Thus, it is not surprising that N-glycosylation of m154 appears to
be required for binding to Ly-49 and this interaction significantly impacts NK cell function
[34]. These data suggest that the Asn176 site in murine MHCI could mediate interactions
with Ly-49 molecules to modulate NK cell activation. This interpretation is supported by the
fact that human MHCI lacks this site and also lacks functional Ly-49 homologs, suggesting
that the murine system may have evolved a specific mechanism to protect against murine-
specific pathogens that is simply not required in other mammals.
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In total, the role of glycosylation on MHCI molecules appears varied, but critically
important to the function of the MHCI antigen presentation pathway. Transfer of the core N-
glycan onto Asn86 of the heavy chain is required for proper folding, p2-microglobulin
binding, and peptide loading of MHCI molecules. In addition, there is evidence that
additional non-human sites of glycosylation may play roles in the protection against species-
specific pathogens. Finally, the relative homogeneity of the glycans on human MHCI
suggests that the glycan might play a role in differentiating self and non-self (or altered-
self). These possibilities represent areas ready for further investigation.

5. Glycosylation of the MHC Class Il Molecules

MHCI and MHCII molecules may share the same general antigen presentation function, but
they are distinct structurally and mechanistically [3,36]. MHCII molecules are heterodimers
of an a and B chain, each of which contains a transmembrane domain (compared to MHCI
molecules that have one — on the heavy chain). MHCII molecules do not associate with p2-
microglobulin and primarily present antigens derived from exogenous sources within the
endocytic pathway. Antigen is encountered downstream of the secretory pathway,
supporting the data which suggests that the role of MHCII glycosylation is remarkably
different compared to MHCI.

The first major difference between MHCI and MHCII with respect to glycosylation is that
MHCII has three highly conserved sites N-glycosylation, two on the a chain (Asn78 and
Asn118) and one on the B chain (Asnl19) [37]. Interestingly, the Asn86 site in MHCI
molecules (Figure 4) is in a homologous physical location as the universally conserved
Asn78 site in the a chain of all MHCII alleles across species [38](Figure 5), although the
significance of this fact remains completely unexplored. It is clear, however, that the N-
glycans of MHCII are not required for proper folding or even trafficking of the MHCII
dimer within the cell. This was shown with both asparagine mutants as well as treatment of
antigen presenting cells with a N-glycosylation inhibitor (blocks the OST; Figure 1), both of
which showed little to no effect on the surface localization or folding of MHCII molecules
[39,40]. Instead, the invariant chain (li) binds to the nascent MHCII dimer in the ER,
stabilizes the structure, and assists with trafficking through the Golgi and into the endocytic
pathway [41,42]. li is glycosylated, but again, loss of N-glycosylation has no significant
effect on MHCII trafficking [43-45], likely because the ability to direct MHCII movement
in the cell is mediated by a signal sequence within the protein and not the calnexin/
calreticulin chaperones.

To date, there is no direct evidence to suggest that the N-glycans protect MHCII from pre-
mature proteolytic degradation, although glycosylation of li does appear to influence the
lifetime of MHCII-Ii interactions in the cell [46]. Likewise, the relative homogeneity of
MHCI N-glycans (Figures 2-3) is not seen on MHCII molecules. In fact, MHCII N-glycans
can vary greatly as a function of cell type (/.e., macrophage vs. B cell vs. dendritic cell), and
includes differences in branching patterns and even the degree of terminal sialylation [33].
Even within a clonal cell line, the N-glycans on MHCI|I are quite heterogeneous.

Heterogeneity is also seen in the presence of the Asn118 site on the a chain. Although this
site is conserved among alleles within a species, there is species-to-species variability. For
example, some monkey species (e.g., Rhesus) and chickens lack the Asn118 site that is
present in humans [38]. In addition, some pigs carry a third asparagine site in the a chain.
As exemplified by the observation that the Asn118 site in mouse MHCI|I (/.e., H2-E) seems
to impact T cell repertoire selection (Z.e., VB T cell receptor usage) [40], the site and
compositional heterogeneity on the MHCII alleles within and across species suggests that
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glycosylation could lead to functional differences between MHCII molecules not seen for
the MHCI system.

An early example of how MHCII glycosylation may impact antigen presentation was
published in 1991. This study used asparagine mutants of MHCII to look for glycosylation
effects on the specificity of T cell responses. The data revealed that removal of the a.-Asn78
and B-Asn19 sites individually influenced the stimulation of antigen-specific T cell
hybridoma lines [47]. These differences could not be attributed to surface expression or
localization of MHCII within the antigen presenting cells. As with MHCI, it is possible that
these sites are important for galectin interactions at the cell surface to form MHCII lattices
on the APC for optimal TCR recognition by TCR-galectin lattices on the responding T cells,
but this possibility remains unexplored.

Another study from over two decades ago also hinted that MHCII glycosylation may impact
antigen presentation in B cells. Removal of terminal sialic acids from N-glycans by
neuraminidase treatment of resting B cells resulted in a 25-fold increase in B cell antigen
presentation [48]. This apparent difference in presentation was not accompanied by changes
in the ability of the resting B cells to act as accessory cells in lectin-mediated T cell
responses, suggesting that the effect might be localized to the MHC molecules themselves.
Nonetheless, this particular study did not include direct analysis of MHCII antigen binding
with and without neuraminidase treatment, limiting the impact of the finding.

These two examples suggest that glycosylation may play a role in MHCII-mediated antigen
presentation, perhaps by fine-tuning the binding properties; however, the data was far from
conclusive until recently. We discovered that the composition of N-glycans on MHCI|I
molecules has a direct and significant impact on the ability of MHCII to associate with at
least one class of antigen [49]. A number of years ago, it was found that zwitterionic
polysaccharides derived from some bacteria had the ability to stimulate CD4* T cells to
produce IFN+y and other typical cytokines [50-52]. In 2004, this phenomenon was shown to
be dependent upon MHCII-mediated binding and presentation of processed fragments of
those “glycoantigens” and subsequent recognition by traditional ap T cell receptors [9]. The
polysaccharides known to fit into this glycoantigen family include serotype | Streptococcus
pneumoniae capsule (Spl) [51,53], serotypes V and VIII Staphylococcus aureus capsule
[11], PSA and PSB from the capsule of Bacteroides fragilis [50,54,55], and the O-chain
polysaccharide derived from the LPS of Morganella morganii [56]. The key link between
these antigens and MHCII glycosylation was first revealed in the observation that
bacterially-expressed recombinant MHCII protein (HLA-DR?2) failed to bind the
glycoantigen PSA, whereas the recombinant HLA-DR2 expressed in mammalian cells (7.e.,
Chinese hamster ovary; CHO) bound with nanomolar affinity [10,49]. The only significant
difference between these two recombinant molecules was the presence or absence of N-
linked glycosylation.

This initial observation was expanded both /in vitroand in vivoto show that changes in the
composition of the glycans on MHCII modulated antigen binding and presentation [49]. It
turns out that inhibition of branched complex N-glycan synthesis in antigen presenting cells
and even on recombinant CHO-expressed MHCII dramatically reduced the binding of
glycoantigens. Cells treated with inhibitors of the mannosidases, for example, had decreased
glycoantigen presentation at the cell surface and showed marked defects in T cell activation
experiments /n vitro. Conversely, the ability to present peptide antigen and to initiate
peptide-specific T cell responses in vitro was unchanged. Furthermore, treatment of animals
with these inhibitors likewise inhibited glycoantigen-specific T cell expansion in vivo, but
this could be rescued by adoptive transfer of normally glycosylated antigen presenting cells.
Finally, the GICNACT-II enzyme (Figure 1) was genetically ablated from dendritic cells
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(DCs) before being used for in vitro T cell activation experiments, and we found again that
glycoantigen-driven T cell activation was deficient compared to normal DC controls, yet
peptide antigen responses were indistinguishable. Importantly, for both antigen classes,
endocytosis, processing, MHCII surface concentration, and cell viability were unaltered by
the glycosylation changes. These data show conclusively that the composition of N-glycans
on MHCII can directly impact the antigenic range of molecules that can be presented by an
antigen presenting cell [49].

It remains unclear why the composition of N-glycans on MHCII has such a dramatic impact
on glycoantigen binding and presentation, although two main possibilities are likely
candidates. The first explanation could be that alterations in the N-glycans lead to
conformational differences in MHCII that preclude glycoantigen binding. The problem with
this idea is that the peptide binding is not changed, yet glycoantigen and peptide binding are
competitive in nature. Any change in MHCII conformation must be relatively minor because
of the overlapping binding domains for peptides and glycoantigens, thus it seems unlikely
that such a change would have such a radical effect on glycoantigen binding. The second
explanation, and one that we favor at the moment, is that the N-glycans themselves
participate in the binding event through carbohydrate-carbohydrate interactions. Given the
relative size of the presented form of glycoantigens (3-10 kDa) and the size of a typical
complex N-glycan (approximately the size of an Ig domain; see Figure 5), it makes
structural sense that the glycans serve to extend the binding platform of MHCII to
accommodate the larger glycoantigen molecules. This second possibility fits with all of the
data thus far and represents a working model to test in future studies. These findings are
likely to hold significant biological impact because inflammation and disease are known to
alter cellular glycosylation patterns in ways these data would predict to impact the nature
and effectiveness of the adaptive immune response.

6. MHC Glycosylation and Disease

In general, the glycome (/.e., the array of possible glycan structures) of a cell is driven in
part by the specific cohort of glycosylation enzymes present in the Golgi, including
glycosyltransferases and various glycolytic enzymes, as well as other metabolic and
structural attributes [57,58]. Under normal conditions, the glycome of a given cell tends to
be fairly consistent, so why would glycosylation of MHC molecules impact the immune
response? The simple answer is that disease, inflammation, and infection also impact host
glycosylation, although the extent to which disease-associated changes affect MHC function
has not yet been explored systematically. However, it is clear that many glycome changes
are characteristic of specific disease mechanisms, suggesting a level of regulation of host
glycosylation not presently understood or appreciated.

To date, most studies on disease-associated glycome changes have not focused on the MHC
family of glycoproteins or their function. In fact, most of these types of studies have focused
on merely cataloging the changes associated with a given state with only some mechanistic
detail to explain the changes. An excellent example is Helicobacter pylori infection.
Colonization with H. pylori alters mucin glycosylation in the gastrointestinal tract,
apparently by increasing the expression of a-1,4-GIcNAc transferase (a4GnT) as a function
of the inflammatory response [59-61]. It is presumed that the change in mucin glycosylation
provides an advantage to the pathogen for infection, although that remains to be
demonstrated. Interestingly, the level of a4GnT returns to baseline once the infection is
cleared [62], again showing that the glycome is actively regulated.

A MHCI-specific application of this notion can be found in studies of the hepatitis C virus
(HCV). MHCI expression at the cell surface of HCV-infected cells is dramatically reduced
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compared to normal, uninfected cells. The mechanism for this remains unclear, however, the
amount of improperly folded MHCI molecules increased in the Golgi of infected cells, and
this correlated with reduced glycosylation of all proteins in the cell [63]. This is likely an
example of how a pathogen can manipulate the host glycosylation machinery to impact
MHCI expression, thus evading the host.

Neither of these two examples provide any insight into what the signals are and how they
are propagated in the cells that lead to glycome changes. However, work done in the context
of inflammation may provide some clues. Inflammatory cytokines such as IL-1p, IL-6, and
TNFa are all known to impact the glycome. N-glycan branching and the presence of sialyl-
LewisX structures are increased in cells exposed to either IL-1p or IL-6, while TNFa
exposure results in increased sialotransferase and fucosyltransferase enzymes [64—68].
Given the fact that these cytokines are central to the inflammatory response that is common
to cancer, autoimmunity, and infection, and that changes in cellular glycosylation affect all
of the glycoproteins within that cell, these signals undoubtedly lead to changes in MHCI and
MHCII glycosylation.

An example that may synthesize why we believe the glycosylation of MHC molecules is
critical to understand comes from our recent work on glycoantigens already mentioned. In
particular, the glycoantigens that are presented by MHCII in a N-glycosylation-dependent
fashion [49] are thought to be key regulators of the immune system. The glycoantigen PSA
is expressed by B. fragilis, and colonization with B. fragilisin the gut appears to down-
regulate the inflammatory response and assist with maintaining immune homeostasis [69].
This phenomenon has been reported for both inflammatory bowel disease [70] as well as
experimental autoimmune encephalomyelitis (EAE) [71], a model for multiple sclerosis.
PSA induces a regulatory T cell response characterized by the expression and secretion of
high concentrations of 1L-10, which inhibits neighboring T cell responses [72]. Therefore, if
a particular disease state alters the glycosylation pattern on antigen presenting cells within
the gut such that PSA and other glycoantigens are no longer efficiently presented by MHCII,
the inflammatory response may run unchecked, leading to disease exacerbation and
increased morbidity.

7. Conclusions

The general theme of this review is to highlight MHC glycosylation and its important role in
antigen presentation. For MHCI, the primary role of the N-glycans described to date
involves the central interaction between MHCI and the calnexin/calreticulin chaperones.
This key interaction is required for both folding as well as peptide loading and trafficking. In
contrast, the composition of MHCII glycans appears to impact the cohort of antigens that
can efficiently associate [49], thus directly impacting the downstream T cell responses.
These data paint a picture where we might expect that disease-associated changes in host
glycosylation may lead directly to MHC-mediate immune defects.

Perhaps the most remarkable attribute of MHC glycosylation is the complete conservation of
one key site — Asn86 in the MHCI heavy chain (Figure 4) and Asn78 in the MHCII a chain
(Figure 5). For both molecules, this site is in a structurally homologous location at the end of
the peptide binding groove. While it is clear that this site is important for folding and
trafficking of MHCI, the Asn78 site in MHCII does not impact either of these things. The N-
glycan at Asn86 in MHCI plays a key role in antigen loading by virtue of its role in
chaperone recruitment, yet the composition of MHCII N-glycans seems to impact antigen
binding in a more direct way. Regardless, it is interesting that this one site has been
evolutionarily selected across all species carrying MHC or MHC-like molecules and yet it
still remains unclear why that particular site is so important. For MHCI, why not another
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site? For MHCI|, it seems illogical to speculate that these glycosylation sites have been
conserved only for the few glycoantigens known to benefit from complex N-glycans. As the
field moves forward, it will be imperative to understand the selective pressure for
maintaining these sites and what role the N-glycans play at diversifying and/or modulating
the function of MHC and thus the adaptive immune response as a whole.
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Figure 1. Schematic of the mammalian N-glycosylation pathway
The mammalian N-glycosylation pathway is a non-template driven pathway in the ER and
Golgi apparatus. Within the ER, the core GlczMangGIcNAc, N-glycan is added to
asparagine residues within the Asn-X-Thr/Ser consensus sequence by the action of the
oligosaccharyltransferase (OST). The ER resident glucosidase (GCS1) removes the two
terminal glucose residues after proper folding is attained, thereby releasing the nascent
glycoprotein to travel into the Golgi for further modification. In the ER, the remaining
glucose is removed by the GANAB glucosidase, yielding a “high mannose” structure. Four
of the outer-most mannose residues are cleaved by a-mannosidase 1A1 (Manlal). Next, the
first GICNAc transferase (GICNACT-I; Mgatl) adds a GIcNAc to one of the mannose
branches converting the “high mannose” structure into a “hybrid” N-glycan. This represents
the first step in re-building the oligosaccharide. This GIcNAc can serve as a site for further

modification, but much more commonly, two more mannose residues are removed by a-

Page 13

Complex N-Glycans

2

*e 000 s00n

W EER REEE

e 0 ® 0 e _o
o o o
o o n
] o o
Asn Asn Asn
4

e

oo GlcNAC-TIV EEm GlcNAc-TV EEEN
> @ 0 + 0_0

[
BEe
|

Asn

O = Galactose

[
] ]
0 |
Asn Asn

mannosidase I1A1 (Man2al). This frees these termini for addition of more GICNAC residues
through the action of GICNAc transferases 11-V (Mgat2-5), thereby creating the traditional
branched complex N-glycans. As with the first GIcNAc, these other GICNAC sites serve as a
basis for further modification, usually with the addition of galactose, GIcNAc, fucose, and
sialic acid residues in various combinations and linkages.
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Figure 2. Schematic of the dominant HLA-A and HLA-B N-linked Glycans

The MHCI molecules HLA-A and HLA-B carry unusually homogeneous N-glycan
composition. Most glycoproteins tend to show high microheterogeneity at each N-
glycosylation site, but for reasons that remain unclear, HLA-A and HLA-B molecules have
been shown to contain one of these two structures most of the time. This is true for HLA-A
and -B from cultured cells as well as in peripheral blood, demonstrating the universality of
these findings. The functional consequences of this homogeneity is unknown.
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Figure 3. Schematic of the dominant HLA-C N-linked Glycans

Like HLA-A and HLA-B, the MHCI molecule HLA-C shows a high level of homogeneity
in terms of the N-glycans found, however, the structure is notably divergent from HLA-A
and HLA-B. Although the functional meaning of this homogeneity is unknown, it is
interesting to see the apparent conserved difference in the N-glycans on HLAC molecules
compared to the other MHCI molecules. How this arises remains a mystery and is an
obvious area in need of further investigation.

Microbes Infect. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ryan and Cobb Page 16

Figure 4. Structure of a Representative MHCI Molecule showing the conserved N-glycan Site
The Asn78 in MHCII (Figure 5) and N86 in MHCI (HLA-A2; 3D25 in the PDB) sites of N-
glycosylation (red) are localized in structurally analogous locations. This universally
conserved N-glycosylation site is at one end of the peptide (green) binding groove. The
function of the N-glycan at N86 promotes folding and chaperone interactions, but has not
been shown to be directly involved with antigen binding or presentation.
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N19

without N-glycans

with N-glycans on the alpha chain

Figure 5. Structures of Representative MHCII Molecules with and without complex N-glycans
MHCII (HLA-DR2) contains three highly conserved sites for N-glycosylation, N78 and
N118 in the alpha chain and N19 in the beta chain (top) that are occupied by large complex
N-glycans (orange = N78 glycan; teal = N118 glycan; space filling model, bottom). The N78
position is structurally analogous to the N86 site in MHCI molecules (see Figure 4). As seen
in the MHCI molecules, this universally conserved N-glycosylation site is at one end of the
peptide (green) binding groove. Despite this similarity, the function of the N-glycans appear
divergent between MHCI and MHCII, working to promote folding and chaperone
interactions for MHCI and directly participating in antigen binding for MHCII. The
mechanism for these (and likely other) roles remain poorly defined. Original protein
structure coordinates were obtained in the PDB, code 1BX2.
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