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ABSTRACT: Presentation of antigens by human leukocyte antigen
(HLA) complexes at the cell surface is a key process in the immune
response. The α-chain, containing the peptide-binding groove, is one of
the most polymorphic proteins in the proteome. All HLA class I α-chains
carry a conserved N-glycosylation site, but little is known about its nature
and function. Here, we report an in-depth characterization of N-
glycosylation features of HLA class I molecules. We observe that different
HLA-A α-chains carry similar glycosylation, distinctly different from the
HLA-B, HLA-C, and HLA-F α-chains. Although HLA-A displays the
broadest variety of glycan characteristics, HLA-B α-chains carry mostly
mature glycans, and HLA-C and HLA-F α-chains carry predominantly
high-mannose glycans. We expected these glycosylation features to be
directly linked to cellular localization of the HLA complexes. Indeed, analyzing HLA class I complexes from crude plasma and inner
membrane-enriched fractions confirmed that most HLA-B complexes can be found at the plasma membrane, while most HLA-C and
HLA-F molecules reside in the endoplasmic reticulum and Golgi membrane, and HLA-A molecules are more equally distributed
over these cellular compartments. This allotype-specific cellular distribution of HLA molecules should be taken into account when
analyzing peptide antigen presentation by immunopeptidomics.
KEYWORDS: glycobiology, glycoproteins, human leukocyte antigen (HLA), major histocompatibility complex (MHC),
mass spectrometry (MS), cellular localization

■ INTRODUCTION

Major histocompatibility complex class I molecules, in humans
termed human leukocyte antigen (HLA) complexes, play a key
role in our immune system, as they provide a means to present
foreign peptide antigens at the cellular surface, providing a
signal to our T-cells to eliminate them. Following their initial
discovery as the main factor in defining successful organ
transplants, HLA complexes and peptide presentation
processes have been studied extensively over the last few
decades.1−3 As a result of this large body of research, we have
quite a coherent picture of how HLA class I molecules
function, from which we can largely understand their critical
role in transplantation,4,5 autoimmunity,6−9 bacterial and viral
infections,10−13 and more recently tumor immunotherapy.14,15

The cellular processes underlying HLA class I antigen
presentation are well understood.16 Briefly, the endogenously
synthesized class I peptide ligands of antigens are generated
primarily by cytosolic and nuclear proteasomes. These peptides
are translocated to the endoplasmic reticulum (ER), where
they are loaded into the peptide-binding groove of HLA class I
molecules by means of the peptide-loading complex (PLC).
After an antigen has been loaded, the stable and functional
HLA class I complex comprises a heavy α-chain, a β2-
microglobulin (β2m) chain, and the loaded peptide. These

complexes traverse out of the ER, into the Golgi, en route to
the cell surface. Upon incorporation into the plasma
membrane (PM), the peptide can be presented to CD8+ T
cells, thereby allowing the T cells to identify and eliminate
pathogen-infected cells or cancer cells.17,18

Beyond this generic description, HLA class I complexes are
actually extremely diverse. This diversity starts at the DNA
level, as in the human genome, six genes encode for six
different HLA class I heavy chains; the more abundantly
expressed classical genes A, B, and C and the non-classical
genes E, F, and G. The classical HLA-A, B, and C genes are
highly polymorphic, where several thousands of alleles have
been identified across the population.19 The most frequent
polymorphisms are found in the sequence regions that encode
the peptide-binding groove, highlighted by green boxes20,21

(see Figure 1A). These polymorphisms allow for a wide range
of specificities for peptide binding, which consequently allows
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a diverse set of peptides to be presented at the cell surface.
Figure 1A summarizes sequence polymorphisms that are
observed in some of the most common HLA A, B, and C
allotypes.22 The sequence homology of these proteins is also
visualized through the phylogenetic tree (depicted in Figure
1B), from which it is clear that allotypes belonging to separate
classical genes do cluster more together. A much more
extensive phylogenetic tree analysis of HLA allotypes is
provided in Figure S1.
Notwithstanding these widespread and frequently occurring

polymorphisms, a particular region in the sequence, conserved
over all reported alleles,19 is highlighted in purple in Figure 1A.
This highlighted NxS/T motif is a well-known motif for N-
linked glycosylation. It has been established that the asparagine
86 site is indeed glycosylated;23 however, the nature of the
glycans attached and their functional role have not been

extensively studied. In Figure 1C, a structural model of the
HLA class I complex is depicted, with attached to it, modeled
to scale, a commonly observed mature glycan structure. It is
apparent from this structural model that the N-glycan is
localized in the proximity of the peptide-binding groove, and
likely when the molecule is at the PM, the glycan can be
exposed to the outside of the cell, and interact with external
factors, including factors of T cell origin.
Cellular protein N-glycosylation is a complex multistep

process in which many enzymes in the ER and Golgi are
involved. Therefore, HLA complexes will undergo their
glycosylation while traversing through the ER and Golgi
compartments. The rate of this traversal has been studied by
pulse-chase assays, which use endoglycosidase H (Endo H), an
enzyme that digests specifically high-mannose and hybrid/
asymmetric glycans (on HLA) to assess the rate through the

Figure 1. Sequence and structural characteristics of HLA class I molecules. (A) Multiple sequence alignment of the mature form of several
common classical HLA A, B, and C genes and HLA F*01:01. The α1 and α2 domains of the sequences are shown starting at position 1 of the
mature sequence and ending at position 182. Above the amino acid sequence, the α1 and α2 domains are highlighted in blue and orange. Positions
that display amino acid variation between allotypes are highlighted in red with darker tints indicating a higher degree of sequence variation. The
conserved N-linked glycosylation site motif is highlighted in purple. Amino acids involved in forming the peptide-binding groove are boxed in
green, (B) phylogenetic tree visualization of the multiple sequence alignment depicted in 1A. Although all HLA class I genes display high
homology, the allotypes still cluster per distinct classical gene type. See Figure S1 for a much more extensive phylogenetic analysis of HLA class I
heavy-chain allotypes. (C) Structural model of the HLA-A*02:01 molecule (pdb: 1I4F). Chains within the HLA molecule are colored: α1-blue, α2-
orange, α3-green, β2m-gray, and binding peptide-red. Attached to Asn86 is modeled on scale a reported detected bisected glycan structure.
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ER and early Golgi.24−27 To describe the N-glycosylation
pathway in short, during this process a Glc3Man9GlcNAc2
glycan is first transferred to the target protein, during or shortly
after protein synthesis and translocation into the ER.28

Subsequently, this structure is trimmed, losing two Glc
residues to form Glc1Man9GlcNAc2. Next, if the protein is
folded correctly, the last Glc residue is removed, and the
protein can continue to the Golgi. In the ER or early cis-Golgi,
additional Man residues can be removed. This leaves only the
Man3GlcNAc2 core that is found in nearly all N-linked glycans.
Subsequently in the medial- and trans-Golgi, processing occurs
to form complex type glycans with antennae that can include
several GlcNAc, Fuc, Gal, and SA residues.29−31 It is expected
that a protein is transported to the cell surface only after full
glycan maturation has occurred.
Here, we monitored in detail the HLA gene-specific

glycosylation patterns of HLA class I molecules of three
different cell lines, all homozygous for the classical HLA genes
A, B, and C. The cell lines and the allotypes they harbor are
shown in Figure 1C. Using a glycopeptide-centric proteomics
approach for each distinct HLA heavy-chain, unique
glycopeptides could be identified harboring distinct glyco-
forms. Quantifying these different glycoforms revealed that
each of the HLA allotypes was modified with a distinct
glycoform profile, which we expected to be directly linked to
their differential cellular distribution. When further dissected
with subcellular fractionation, we could indeed observe
distinctive glycosylations that correlate with differential PM
presentation. In the studied JY cells for instance, our data
indicate that HLA-B complexes reside nearly exclusively at the
PM, whereas a large part of the HLA-A complexes are also
observed in inner membrane (IM) compartments. This
correlates with our findings that HLA-B has exclusively mature
bisected and extended glycans, while HLA-A has a
considerable fraction of immature high-mannose glycans. As
far as we know, this is the first time that HLA class I glycoform
profiling is taken as an indicator to assess HLA cellular
localization. Although the correlation between glycosylation
and localization was expected, our approach allows us to
directly sample subcellular localization of each HLA allotype
considering glycosylation as a localization marker, and shows
that each HLA allotype can have a unique subcellular
distribution despite their very high molecular and structural
similarities.

■ EXPERIMENTAL PROCEDURES

Cell Culture

The B-lymphoblastoid cell line JY (containing HLA-A*02:01,
HLA-B*07:02, HLA-C*07:02) was cultured in RPMI 1640
medium (+glutamine, Gibco) supplemented with 10% fetal
bovine serum, 50 U/mL penicillin (Gibco), and 50 μg/mL
streptomycin (Gibco) in a humidified atmosphere at 37 °C
with 5% CO2. The B-lymphoblastoid cell lines DEM
(containing HLA-A*02:01, HLA-B*57:01, and HLA-
C*06:02) and DBB (containing HLA-A*02:01, HLA-
B*57:01, HLA-C*06:02) were cultured in RPMI 1640
medium (+glutamine) supplemented with 15% fetal bovine
serum, 1 mM sodium pyruvate (Gibco), 50 U/mL penicillin,
and 50 μg/mL streptomycin in a humidified atmosphere at 37
°C with 5% CO2.

HLA Class I Immuno-Affinity Purification and Protein
Digestion

Per cell line, 5 × 108 cells were harvested by centrifugation and
washed three times with phosphate-buffered saline (PBS). The
cells were lysed in 10 mL Pierce IP lysis buffer (Thermo
Scientific) supplemented with 1× complete protease inhibitor
cocktail (Roche Diagnostics), 50 μg/mL DNAse I (Sigma-
Aldrich) and 50 μg/mL RNAse A (Sigma-Aldrich) per gram
cell pellet for 1.5 h at 4 °C. The lysate was cleared by
centrifugation for 1 h at 18,000g at 4 °C. The protein
concentration was determined using the BCA assay (Pierce).
HLA class I immuno-affinity purification was performed as
described by Demmers et al.32 In short, HLA class I complexes
were immunopurified using 0.5 mg W6/32 antibody33 coupled
to 125 μL protein A/G beads (Santa Cruz) from 25 mg whole
cell (WC) lysate. For the PM and IM fractions, 0.16 mg W6/
32 antibody coupled to 40 μL protein A/G beads was used for
∼160 and ∼60 μg input, respectively. To prevent coelution,
the antibodies were cross-linked to protein A/G beads.
Incubation took place at 4 °C for approximately 16 h. After
immuno-affinity purification, the beads were washed with 40
mL of cold PBS. HLA class I complexes and peptide ligands
were eluted with 10% acetic acid. The peptide ligands were
separated from the HLA molecules using 10 kDa molecular
weight cutoff filters (Millipore). The HLA molecules were
denatured in 8 M urea in 500 mM ammonium bicarbonate
with 1× complete ethylenediaminetetraacetic acid -free
protease inhibitor cocktail (Roche Diagnostics). The HLA
proteins were reduced, alkylated, and digested with 50 ng
trypsin. The digested peptides were loaded onto C18 SEPPAK
columns (Supelco) in 0.1% formic acid and eluted after
cleanup with 80% acetonitrile (ACN) in 0.1% formic acid. The
samples were dried by vacuum centrifugation and reconstituted
in 2% formic acid prior to LC−MS/MS analysis.
Cellular Fractionation

PM fractionation was performed by gentle homogenization in
an isotonic environment, in the absence of detergents.
Homogenized JY cells were applied to a dextran gradient for
phase separation (by differential partitioning) into the PM
fraction (low-density top fraction) or IM fraction (high-density
bottom layer). Intermediate fractions where liquid−liquid
mixing could occur were carefully and generously discarded. A
similar approach has been published previously.34

Mass Spectrometry Analysis

Glycoproteomics data were acquired using an Agilent 1290
UHPLC (Agilent) coupled to an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Scientific). Proteomics
data were acquired using an equivalent UHPLC setup on a Q-
exactive HF (Thermo Scientific). Peptides were first trapped
on a 2 cm × 100 μm Reprosil C18 trap column (3 μm particle
size), followed by separation on a 50 cm × 75 μm Poroshell
EC-C18 analytical column (2.7 μm). Trapping was performed
for 5 min 0.1% formic acid (solvent A) and eluted with a
gradient using 80% ACN with 0.1% formic acid (solvent B).
Gradient: 13% B to 40% B over 48 min and 40% B to 100%
over 1 min holding at 100% B for 4 min.
For proteomics, the mass spectrometer was operated in data-

dependent mode using a top 15 method. Full MS scans were
captured using 60,000 resolution at 200 m/z, mass range 310−
1600 m/z, with an AGC target of 3 × 106, and a max injection
time of 20 ms. MS/MS scans were triggered on charge states
2−5 and excluded for 12 s after selection. A selection window

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.1c00466
J. Proteome Res. 2021, 20, 4518−4528

4520

pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of 1.4 m/z was used, followed by higher-energy collisional
dissociation (HCD) fragmentation at 27 normalized collisional
energy. Fragmentation scans were captured at 30,000
resolution, with a fixed first mass of 120 m/z, with an AGC
target of 1 × 105 and a 50 ms max injection time.
For glycoproteomics, the mass spectrometer was operated in

a product ion-triggered data-dependent mode using a 3 s cycle
type. Full MS scans were captured on the Orbitrap at 60,000
resolution at 200 m/z, mass range 350−2000 m/z, with an
AGC target of 4 × 105, and a max injection time of 50 ms. MS/
MS scans were triggered on charge states 2−8 and excluded for
30 s after selection. A selection window of 1.6 m/z was used,
followed by fragmentation using HCD at 30% collisional
energy. Fragmentation scans were captured on the Orbitrap at
30,000 resolution, mass range 120−4000 m/z. For stepping
HCD and EThcD-triggering methods, a targeted mass trigger
was configured with a mass list of common glycan oxonium ion
fragments as reported by Reiding, et al.35 When at least three
ions were detected, another MS/MS scan was triggered on the
same precursor. These scans used the same isolation and
resolution parameters. For EThcD, calibrated charge-depend-
ent ETD parameters were used and 25% supplemental
activation, stepping HCD used collisional energies of 10, 25,
and 40%. EThcD and stepping HCD scans used an AGC target
of 400% and a 250 ms max injection time.

Data Analysis

Data analysis of proteomics data was performed using
MaxQuant (v.1.6.17.0) and the Andromeda search engine.
Data were searched against a SwissProt human database
(20,431 entries, downloaded on Sept 18, 2019) appended with
the specific HLA allotypes found in each cell line. Enzyme
specificity was set to trypsin and up to two missed cleavages
were allowed. Fixed modification of carbamidomethyl at C and
variable modification oxidation at M and N-terminal
acetylation were used. An FDR rate of 0.01 was set for both
protein and peptide identification. Label-free quantification
was performed using IBAQ.36,37

Data analysis of the glycoproteomics data was performed
using PMi-Byonic (Protein Metrics) (v3.6). Byonic settings
were as follows, cleavage site: fully specific, C-terminal of RK,
with up to two missed cleavages. 10 ppm precursor mass
tolerance for both HCD and EThcD was applied with a
fragment mass tolerance of 20 ppm. Selected modifications:
oxidation, variable at M and carbamidomethyl, fixed at C. The
Byonic N-glycan 132 human database was used for
identification of glycosylation. Precursor isotope off by x was
set to “too high or low (narrow)” with a maximum precursor
mass of 10,000 Da. Precursor assignment was computed from
MS with a maximum of 2 precursors per MS/MS. A 1% FDR
(or 20 reverse count) cutoff was used with decoys added in the
database. For the protein database, a fasta file was created

Figure 2. HLA abundances and glycosylation in the cell lines DBB, DEM, and JY. (A) Normalized protein abundances of different HLA class I
molecules immunopurified from WC lysates determined by proteomics, using solely unique non-glycopeptides for quantification. Within the bars,
the non-normalized values are depicted. (B) Categorization and color-coding of glycan classes. The six glycan categories are paucimannose (dark
blue), high-mannose (green), hybrid/asymmetric (purple), diantennary (light blue), bisected (orange), and extended (red). (C) Stacked bar plots
depicting the distribution of glycans for each HLA class I gene in each cell line. Within the bars, the horizontal white depicts the standard deviation
averaged over nine injection replicates. On the right of each bar, values indicate the cumulative number of glycopeptides detected across all
injection replicates.
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containing all HLA class I and class II allotypes for the specific
cell lines. Subsequent analysis was performed with Python 3.8
using Pandas 1.1.3,38 Numpy 1.19.2,39 and Matplotlib 3.3.2,40

and Seaborn 0.11. Glycopeptides were selected with a
minimum Byonic score of 150 and absolute log probability
higher than 1. In addition, a glycan needed to be detected at
least six times per HLA protein per cell line. Glycans were
assigned categories based on compositional requirements.
Paucimannose: HexNAc ≤ 2, Hex ≤ 3. High mannose:
HexNAc = 2, Hex > 3, hybrid/asymmetric: HexNAc = 3,
diantennary: HexNAc = 4, bisected: HexNAc ≥ 5, Hex ≤ 5,
and extended: HexNAc ≥ 5, Hex > 5. Distributions of glycan
categories were calculated based on glycan peptide spectral
match (PSM) counts.

■ RESULTS

Abundances of HLA Class I Proteins and Their
Glycosylation Profiles in WC Lysates

To investigate the glycosylation of HLA class I heavy-chain
molecules in detail, we selected a panel of three human cell
lines namely DBB, DEM, and JY. These cell lines are all
Epstein−Barr virus-transformed immortalized B lymphoblas-
toid cells of the ECACC HLA-typed collection, and were
selected as they all express HLA class I at a reasonably high
level. All three cell lines are homozygous for HLA class I,
meaning that each only expresses a single A, B, and C allotype.
DBB and DEM both express HLA-A*02:01, B*57:01, and
C*06:02. JY and HLA-A*02:01, B*07:02, and C*07:02
(Figure 1C). These allotypes are among some of the most
common allotypes found in the Caucasian population and
these cell lines are routinely used as model systems for
studying HLA molecules and their peptide ligandomes.41−43

The analysis was started by enriching all HLA class I
molecules from WC lysates by immuno-affinity purification
using the pan-HLA class I W6/32 antibody.33 The purified
HLA complexes were digested by trypsin, and all resulting
peptides were subjected to LC−MS/MS. In a first set of
shotgun proteomics analyses, the relative abundance of the
different HLA molecules was assessed in the three studied cell
lines, using only the unique non-glycosylated HLA peptides.
To achieve relative quantification, the IBAQ intensities of the
HLA proteins in a sample were summed and the intensity of
each HLA protein in that sample was normalized to this
summed intensity. Clearly, these data revealed that in all cell
lines, the order of abundance in the WC lysates was HLA-A >
HLA-B > HLA-C > HLA-F (see Figure 2A and the Tables S1−
S3, unique peptides used for quantification are listed in the
Tables S6−S8). In contrast to the typical data-dependent
shotgun proteomics approaches, a glycopeptide-targeted
product-ion-triggered fragmentation strategy was next em-
ployed. Precursor ions were selected and fragmented using
HCD as is also the case in standard shotgun methods.
However, if the resulting MS/MS scan contained glycan-
specific oxonium ions, an additional EThcD or stepping-energy
HCD scan was triggered on the same, likely glycopeptide,
precursor ion.35 In this targeted approach and enabled by the
high sequence coverage, we could confidently assign a variety
of glycopeptides for each HLA allotype, based on the small but
unique protein sequence features. Because the HLA class I
molecules were among the most abundant proteins in the
sample, as a result of the immuno-affinity enrichment, no

further enrichment of glycopeptides was needed to analyze the
glycopeptides.
Based on the mass shift induced by the glycans to the

peptide backbone, combined with the known biosynthetic
knowledge about human protein glycosylation, we next
annotated glycan compositions to all identified HLA
glycopeptides, which were assigned to a smaller number of
categories as depicted and color-coded, schematically in Figure
2B. Among these six categories, high-mannose glycans (green)
are characterized by having only Man residues extending the
Man3GlcNAc2 core shared by all N-glycans. Complex type
glycans instead have branches extending the core that are
initiated by GlcNAc, which can still be further elongated.
Additionally, complex type glycans often contain one or more
Fuc and SA residues. Hybrid/asymmetric glycans (purple)
display one Man-extended branch and one complex type
branch. Diantennary glycans (light blue) instead have two
complex type branches. Extended glycans (red) have more
than two complex type branches. Bisected glycans (orange) are
complex type glycans carrying a bisecting GlcNAc residue
attached to the β-Man of the core. Finally, paucimannose and
truncated glycans (dark blue) are small mannose glycans or
truncated glycans that do not have the complete N glycan core.
We next assessed the relative abundance of these different

categories per individual HLA glycopeptide based on the
number of spectral counts (PSMs) we observed in our LC
MS/MS analysis,27 the detected glycopeptides and glycans are
listed in Tables S11−S13 and S16−S18, respectively. These
results are depicted in Figure 2C using the color codes for the
different glycan categories, with errors bars obtained from
replicate measurements. A more detailed overview of the
observed glycan compositions is provided in Figure S2. At first
glance, although there is some similarity, this analysis revealed
that glycoprofiles of allotypes can be quite distinct, even when
they are expressed in the same cell. It should be noted that the
site occupancy of the glycan is 100%, a fact we could also
reproduce by measuring the intact mass of HLA-A by LC−MS.
Consequently, non-glycosylated versions of the glycopeptides
were not detected in any experiments.
HLA-A*02:01 is abundantly expressed by all three cell lines

we investigated. Our data reveal that the glycosylation profile
on HLA-A*02:01 is nearly identical in all three cell lines and
dominated by bisected (orange) and extended (red) glycans.
However, a considerable fraction (25−30% based on the
spectral counts) of the HLA-A molecules carry smaller and/or
simpler glycans, mostly high-mannose (green) but also some
paucimannose (dark-blue) glycans. The DBB and DEM cell
lines express B*57:01, the glycosylation of which in these two
cell lines is nearly identical and resembles closely that of HLA-
A*02:01. In sharp contrast, HLA-B*07:02 in JY cells did
harbor a distinct glycosylation pattern, which features almost
exclusively bisected (orange) and extended (red) glycans.
Distinctively, many more HLA-C molecules, that is, HLA-
C*07:02 in JY cells, and HLA-C*06:02 in both DBB and DEM
cells (estimated to be around 50% based on spectral counts),
are detected with high-mannose glycans (green). The HLA-C
glycosylation patterns are quite similar in all three studied cell
lines, but different from the other HLA genes. Finally, we also
detected, while substantially less-abundant, unique glycopep-
tides originating from HLA-F in all three cell lines. However,
we were not able to annotate the exact HLA-F allele. HLA-F,
being one of the non-classical HLA genes, is much less
polymorphic (only six different forms have been reported), and
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all these variants share the same sequence for the part covering
the tryptic glycopeptides studied here. In addition, according
to our proteomics data, HLA-F expression is quite low, with
the DBB cell line forming a noticeable exception (Figure 1A).
HLA-F independent from the source cell of origin, was found
to be nearly exclusively harboring high-mannose type glycans
(green). We did not consider the two other non-classical HLA
genes; HLA-E and HLA-G. Sporadically a few unique peptides
of HLA-E were detected in our analyses, although their
abundances were substantially lower compared to the other
HLAs. No unique glycopeptides were detected for HLA-E. No
unique peptides for HLA-G were detected in any of our
analyses.
Annotation of Glycan Structures on HLA Glycopeptides

LC−MS/MS on glycopeptides is well suited to determine the
most likely glycan composition. How these carbohydrate
moieties are linked together in the glycan structure, however, is
much harder to reveal by mass spectrometric means.
Nonetheless, in exceptional cases, LC−MS/MS can also shed
light on how a glycan is structured, as nicely described for
bisecting glycans by Dang et al.,44 using diagnostic fragment
ions. Following a similar strategy, we depict in Figure 3A, an
EThcD fragmentation spectrum for a glycopeptide derived
from the heavy chain of HLA B*57:01, observing diagnostic
fragment ions indicating glycan bisection. In detail, in Figure
3A at m/z 1168.7 (z = 5+), the intact precursor is shown,
annotated with “M”. From these data, we determined the intact
glycan to have the SA2Gal2Man3GlcNAc5Fuc1 composition. In

the EThcD spectrum, a fragment at m/z 1051.5 (z = 4+) is
detected, assigned to the peptide plus the glycan lacking 4
hexoses, 2 HexNAcs, and 2 NeuAcs. The mass loss observed
for this fragment ion indicates the loss of both antennae on the
glycan. After cleaving off both antennae, only a peptide +
GlcNAc3Man1Fuc1 fragment remains. This fragment is unique
to bisecting glycans, suggesting the bisecting structure of the
glycan we observed on HLAs.
In Figure 3B, the EThcD spectrum of a HLA-A*02:01-

derived glycopeptide harboring the high-mannose glycan
Glc1Man9GlcNAc2 is shown. High-mannose glycans can have
up to 9 Man residues, thus the 10th hexose is accredited to a
Glc. The high-mannose glycan Glc1Man9GlcNAc2 is thought
to be important for binding of the HLA heavy chain to the
folding chaperone calreticulin in the ER. Calreticulin interacts
optimally with monoglucosylated HLA class I heavy chains,
whatever their state of assembly with light chains and peptide,
and inhibits their aggregation.45,46 It is expected that proteins
harboring these glycans are localized in the ER. As our
experiments were carried out on WC lysates, these data hint at
that we analyze both internal as well as cell surface-expressed
HLA molecules. In Figure S3, several more MS/MS spectra are
provided highlighting different glycopeptides detected in our
measurements.

Figure 3. Examples of annotated HLA heavy-chain glycopeptides. (A) EThcD MS/MS spectrum of a HLA-B*57:01-derived bisected glycopeptide
(DBB cell line). (A) Precursor glycopeptide (M), m/z 1168.7 (z = 5+), together with its annotated glycan structure are indicated. The fragment ion
at m/z 1051.5 (z = 4+), with its annotated glycan structure, verifies the proposed bisected structure. Several additional peptide backbone and
glycan fragment ions used for the identification of the glycopeptide are annotated. (B) EThcD MS2 spectrum of a HLA-A*02:01-derived high-
mannose glycopeptide (DBB cell line). The annotated glycan structure is indicated. Several additional peptide backbone and glycan fragment ions
used for the identification of the glycopeptide are annotated. See Figure S3 for additional MS/MS spectra of different HLA glycopeptides.
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Relative Abundances of HLA Class I Proteins and Their
Glycosylation Profiles in the Plasma Membrane versus the
Inner Membrane

Following their initial synthesis by the ribosome, HLA
molecules reside in and traverse through the various inner-
membrane compartments (ER and Golgi) of the cell, where
they are properly folded and loaded with peptide on their way
to the PM. During this process, maturation of the HLA heavy-
chain glycan occurs by the various glyco-enzymes present in
these compartments.29−31 The data presented above were all
resulting from HLA affinity enrichments performed on WC
lysates. However, our data did indicate that HLA molecules
within a single cell may be differentially glycosylated, which we
expect to be linked to the compartmental localization of the
HLA molecules in and on the cell. In essence, we utilize the
glycosylation characteristic as a proxy for the subcellular
distribution of the HLA molecules. Therefore, we extended our
analysis performing the HLA affinity enrichment separately on
(crude) PM and IM (mostly ER and Golgi) fractions of the
cells. This prefractionation comes at the expense of sensitivity,
as the pull-downs generally require quite some starting
material. Consequently, in the fractionated samples, we were
able to detect only the highest abundant glycopeptides,
yielding a less-accurate representation of the glycan repertoire.
Although some sensitivity is lost, it should still show whether
the glycosylation accurately represents the distributions of
HLA molecules. We performed this analysis on the JY cells, as
in the WC lysates of these cells we observed the most striking
differences in glycosylation patterns between HLA-A, B, C, and
F (Figure 2). A proteomics-based evaluation of the subcellular
fractionation, as described previously,47 assessing the enrich-
ment of protein UniProt keywords in the inner and PM
fractions (Figure S4) revealed successful fractionation.
Again, as described above, we assessed by standard shotgun

proteomics, quantifying by solely using unique peptides, the
relative abundance of the different HLA molecules in the
plasma and inner-membrane fraction and compared that to
that observed in the WC lysates (see Figure 4A, and Tables
S3−S5. The unique peptides used for quantification are listed

in Tables S8−S10). A list of other abundantly detected
proteins is provided as Supporting Information table. These
data clearly revealed that while HLA-A is quite abundant in
both the plasma and IM fractions, HLA-B is nearly uniquely
enriched in the PM. In contrast, HLA-C was found to be
enriched in the IM fraction. Moreover, while HLA-F could not
be detected in the WC and PM, it was reasonably abundant in
the IM fraction.
Next, we focused on potential compartment-specific HLA

heavy-chain glycosylation (Figure 4B), and for the glycopep-
tide analysis, we again performed immuno-affinity purification
on the HLA molecules. We were only able to make that
comparison for the classical HLA class I genes A, B, and C, as
the abundance of HLA-F was too low for detection of sufficient
glycopeptides. Additionally, although we detected a few HLA-
B unique peptides in the shotgun experiments for the inner-
membrane fraction, we did not detect glycopeptides of these
molecules in the IM fraction, likely due to the low abundance
of these molecules in that fraction (Figure 4A). In Figure 4B,
the same glycan categorization and color-coding is used as in
Figure 2B, and additionally the data for the WC lysate shown
in Figure 2B are replicated in Figure 4B for comparison with
the data obtained for the IM and PM fractions. The data
presented in Figure 4B clearly show that complex glycans
represented by the bisected (orange) and extended (red)
categories are enriched in the PM fraction, especially for HLA-
A and HLA-B. Conversely, high-mannose glycans are found to
be enriched in the IM fraction, especially for HLA-A and HLA-
C. The fact that we do not detect paucimannose and
diantennary glycosylated glycopeptides in the IM and PM
fractions may likely be attributed to our lower sensitivity in
these experiments due to the lower amount of starting material
prior to the affinity purification. The detected glycopeptides
and glycans are given in Tables S13−S15 and S18−S20.
Notwithstanding these sensitivity issues, the data presented in
Figure 4 clearly reveal that the pool of HLA molecules is
indeed distributed over the different compartments, and these
HLA molecules carry compartment “specific” glycans.

Figure 4. HLA abundances and glycosylation in different compartments of the JY cells. (A) Normalized protein abundances of different HLA class
I genes in WC lysates, and the IM (ER and Golgi) and PM fractions determined by proteomics, using solely unique non-glycopeptides for
quantification. Within the bars, the non-normalized values are depicted. (B) Stacked bar plots depicting the distribution of glycans for each HLA
class I gene in each of the three analyzed fractions. Abbreviations WC, IM, and PM are used to specify the compartments. Within the bars, the
horizontal white lines depict the standard deviation averaged over nine injection replicates for the WC and three injection replicates for IM and PM
preparations. On the right of each bar, values indicate the cumulative number of glycopeptides detected across all injection replicates. Due to the
low abundance of HLA-B in the IM fraction, and for HLA-F, no glycopeptides could be detected following the cellular fractionation. The WC data
presented in this figure are identical to the JY cell data presented in Figure 2.
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■ DISCUSSION

Here, we report an in-depth characterization of the N-
glycosylation features of HLA class I molecules, affinity
purified from WC lysates and enriched PM and IM fractions.
We make the striking observation that different allotypes also
display different glycosylation patterns, which is noteworthy
considering that HLA molecules of different allotypes are
nearly identical in sequence and structure, except for a few key
residues in the peptide-binding groove. Cumulatively, the data
presented here hint at a substantial diversity in the distribution
of HLA class I complexes over the different membrane
compartments of the cell. By using glycosylation as a proxy for
subcellular localization, we are able to show that different
allotypes are distinctly distributed over the compartments and
that a considerable amount of HLA molecules may reside
intracellularly.
Based on the observed glycosylation patterns, it appears that

HLA-B complexes, especially in JY cells, are mostly rather
mature in their glycosylation and reside largely on the PM of
the cell. In sharp contrast, the population of HLA-C molecules
are largely enriched in less-mature high-mannose glycans, and
mostly residing in the inner-membrane ER/cis-Golgi compart-
ments. Even more so, HLA-F is exclusively modified with high-
mannose glycans and seems largely retained in the IM
compartments of the cell, as proposed previously.48 The
population of HLA-A complexes in the cell display a glycan
distribution ranging from paucimannose, high-mannose,
diantennary, to fully matured bisected and extended glycans,

and seems also to be more widely distributed over the PM and
the IM compartments. The distinctive glycosylation and
cellular localization of HLA class I proteins as observed in
this study is schematically summarized in Figure 5. These
observations are made in our model JY cells, but are also
conserved to some extent in the DBB and DEM cells that we
analyzed in parallel.
Previous reports have also looked at the functional role for

the N-linked glycosylation on HLA heavy chains. It has been
reported that the glycan Glc1Man9GlcNAc2 is the specific
structure that is recognized by the folding chaperones calnexin
and calreticulin,49 which form a part of the PLC.50

Consequently, the absence of the HLA glycan, accomplished
by mutating the asparagine 86, has been shown to completely
eliminate PLC activity in vitro.51 A specific functional role of
the glycan when the HLA molecule is at the cell surface has not
been reported. Except for the discovery that sialylation
modulates cell surface stability.52 This observation is not
surprising considering the generalized role of sialic acid for
extracellular proteins.53,54

While it is well known that HLA complexes can reside either
at the PM or at the IMs of the ER and Golgi compartments,
the exact distribution of different class I allotypes over these
compartments has not been investigated in detail. Evidently,
this distribution is determined by a variety of factors.
Formation of suboptimally loaded HLA molecules can be
retained intracellularly or exhibit a shorter half-life. For
example, when HLA is loaded with a low affinity peptide.55

Furthermore, certain sequences exhibit a preference for TAP,

Figure 5. Distinctive glycosylation and cellular localization of HLA class I proteins. Starting as nascent chains synthesized by cellular ribosomes,
HLA heavy chains traverse through specific IM compartments to get properly folded, trimmed, associated with the β2m chain, loaded with the
peptide antigens, and glycosylated. These processes occur largely sequential and require chaperones, the PLC and a variety of glycoenzymes,
residing in the different subcompartments of the ER and Golgi. Fully assembled, peptide-loaded, and maturely glycosylated HLA complexes make it
to the cell surface becoming embedded in the PM, where they present the peptides to the T-cell receptors of CD8+ T-cells. The arrows on either
side of the schematic indicate the stages of HLA antigen expression (left) and glycosylation maturation (right). The HLA complexes of different
class I genes are color coded corresponding to the colors used in Figures 2A and 4A. The number of copies presented illustrates roughly their
relative distribution over the IM compartments and PM in JY cells. Moreover, prototypical HLA glycans observed uniquely in the IM fraction and
PM fractions are depicted as well.
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which consequently promotes PLC formation, ultimately
leading to increased cell surface expression.56 There is also
the TAP-independent route for peptide loading utilizing the
protein TAPBPR that has different affinities for certain HLA
allotypes.57 An extreme case has been identified, where a single
natural polymorphism between two allotypes B*44:02 and
B*44:05 has strong implications for peptide loading, where the
presence of tapasin even lowers the affinity of peptides that can
be loaded on B*44:05.25,26 However, whether such factors
could contribute to the substantial observed differences in
subcellular localization between allotypes as shown here is
unclear.
In support of our observations, Ryan and Cobb summarized

that there are noticeable differences in glycosylation between
HLA-A/HLA-B and HLA-C.58 They argue that the distinct N-
glycans found on HLA-C may correlate with a functional role
separate from those of HLA-A and HLA-B. They argued that,
in line with our data, HLA-C is less abundant at the cell
surface, but also binds a more restricted repertoire of peptide
antigens, suggesting a reduced role in antigen presentation to
CD8+ T cells. Indeed, HLA-C may play a more prominent role
in interaction with NK-cell receptors.59 However, they did not
report a difference between HLA-A and HLA-B glycosylation.
It has been mostly assumed that HLA-A and HLA-B are
functionally very alike. Therefore, we assume that the observed
differences are caused by a variance in efficiency at which these
allotypes traverse through the secretory pathway.
A well-defined functional role for HLA-F has yet to be

established. The few reports available hint at its predominant
cellular presence in the IM compartments and being
dominantly decorated with high-mannose/hybrid N-glycans.48

However, it has also been reported that HLA-F is a high-
affinity ligand for NK-cell receptor KIR3DS1, which suggests
that HLA-F could play a role similar to HLA-C,60 although we
did not detect it at the cell surface.
Although we describe primarily the differences in glyco-

sylation of HLA molecules originating from different class I
genes, there may also be differences within allotypes of a
specific class I gene. For instance, our data show a substantial
difference in glycosylation between the allotypes of HLA-B
(Figure 2). Although B*07:02 in the JY cell harbors exclusively
mature bisected (orange) and extended (red) glycans, the
HLA-B*57:01 heavy-chain molecules in both the DBB and
DEM cells show a broader distribution. Next to harboring
these bisected and extended mature glycans, a substantial
proportion of (up to 25% by spectral count) diantennary (light
blue) and high-mannose (green) glycans. Evidently, this could
additionally be a result of the different cell lines used in this
study, with their different compartmental organization and
glycoenzymes they may harbor. In that sense, it may be
interesting to extend our glycoprofiling analysis to a well-
defined cell line expressing just a single HLA allele as reported
by Abelin et al.61 Nevertheless, it is also tempting to speculate
about the observed differences with respect to HLA-B*57:01
and B*07:02, which differ in the Bw motifs they contain. The
Bw motif is a public epitope (an epitope shared by multiple
allotypes), for HLA molecules that play a major role in
transplant rejection.62 Two motifs are recognized, Bw4 and
Bw6,63 which are found on all HLA-B and some HLA-A heavy
chains, and are determined by the amino acid sequence
surrounding the N-linked glycosylation site. HLA-B*57:01 of
the DBB and DEM cells displays a Bw4 motif, while B*07:02
of JY cells displays a Bw6 motif. HLA molecules harboring the

Bw4 motif have been shown to elicit a stronger NK-cell
response64 and the glycan attached to the HLA heavy chain is
required for the NK-cell interaction.65 There may thus be a
link between this Bw motif, the HLA glycosylation pattern, and
the interaction with NK-cell KIR cells.
Our findings should impact the important field of HLA

peptide ligandome analyses. In these analyses, the focus lies on
pathogen-derived or cancer-related neo-antigens, presented by
HLA molecules. These antigens are of great importance in the
development of pathogen- and antitumor-targeting vaccines.14

The two main experimental approaches to retrieve peptide-
antigens from HLA molecules are immunoprecipitation from
WC extracts or mild acid elution on intact cells.66 In the latter
approach, only the ligandome present at the cell surface should
be sampled, whereas with the former approach, the
intercellular HLA complexes are probed as well. Based on
our observations, the two approaches could chart distinctive
ligandomes particularly for HLA allotypes, which can have a
considerable part of their molecules residing intracellularly.
Each approach is clearly associated with different strengths and
potential bias;67 also a definitive consensus is still elusive, and
may be context-dependent.
In conclusion, through an in-depth analysis of the

glycosylation profiles on HLA class I molecules, originating
from three different cell lines, covering four different class I
genes and six different allotypes, we observed that they all
exhibit different glycosylation profiles. It would be interesting
to expand such analysis to more cell lines covering a broader
range of allotypes, and/or even primary cells, to probe whether
such observations are general or very much cell type specific.
We show that the HLA glycan-signature reflects the cellular
organization, and is distinct for the same HLA molecules
residing at the PM or the IMs (ER and Golgi). Although this is
fully in line with what would be expected based on our
knowledge of protein cellular glycosylation, analyzing glyco-
form profiles may thus provide a direct quantitative assessment
of the cellular distribution of specific HLA class I molecules. As
the peptide repertoire presented at the cell surface is sampled
by T-cells, our observations are significant for the analysis and
interpretation of HLA peptide ligandomes.

■ DATA AVAILABILITY
The mass spectrometry proteomics and glycoproteomics data
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