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ARTICLE INFO ABSTRACT

Editor: P Jennings The combination of certain human leukocyte antigen (HLA) polymorphisms with administration of certain drugs
shows a strong correlation with developing drug hypersensitivity. Examples of typical combinations are HLA-
B*57:01 with abacavir and HLA-B*15:02 with carbamazepine. However, despite belonging to the same sero-
type, HLA-B*57:03 and HLA-B*15:01 are not associated with drug hypersensitivity. Recent studies have shown
that several HLA polymorphisms are associated with multiple drugs rather than a single drug, all resulting in
drug hypersensitivity. In this study, we compared the molecular structures and intracellular localization of HLA-
B*57:01, HLA-B*58:01, and HLA-B*15:02, which pose risks for developing drug hypersensitivity, as well as HLA-
B*57:03 and HLA-B*15:01 that do not present such risks. We found that HLA molecules posing risks have a low
affinity for the subunit py-microglobulin; notably, the weak hydrogen bond formed via GIn96 of the HLA
molecule contributes to this behavior. We also clarified that these HLA molecules are easily accumulated in the
endoplasmic reticulum, exhibiting a low expression on the cell surface. Considering that these hypersensitivity
risk-associated HLA molecules form complexes with p-microglobulin and peptides in the endoplasmic reticulum,
we assumed that their low complex formation ability in the endoplasmic reticulum facilitates the interaction with
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multiple drugs.

1. Introduction

Delayed drug hypersensitivity often leads to the development of fatal
pathological conditions, such as Stevens—-Jonson syndrome (SJS), toxic
epidermal necrosis (TEN), drug-induced liver injuries (Daly et al., 2009),
and drug reaction with eosinophilia and systemic symptoms (Taurog
et al., 2009). Recent genome-wide association and cohort studies
revealed that human leukocyte antigen (HLA) is associated with the
development of drug hypersensitivity (Pan et al., 2017; Saag et al.,
2008). Such examples include hypersensitivity due to HLA-B*57:01 and
abacavir (Saag et al., 2008), SJS/TEN due to HLA-B*15:02 and carba-
mazepine (Chung et al., 2004), and SJS/TEN due to HLA-B*58:01 and
allopurinol (Génin et al., 2011). Several other HLA polymorphisms have
also been suggested to pose a risk of drug hypersensitivity (Ghattaoraya
et al., 2016). In contrast, no association with drug hypersensitivity has
been suggested for HLA-B*57:03 (belonging to a group of broad antigen
serotype B17 and split antigen serotype B57, which differs by only two
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and five amino acids from that of HLA-B*57:01 and HLA-B*58:01,
respectively), which have the same broad antigen serotype as that of
HLA-B*57:01 (split antigen serotype B57) and HLA-B*58:01 (split an-
tigen serotype B58). Similar behavior is seen with HLA-B*15:01
(belonging to a group of broad antigen serotype B15 and split antigen
serotype B62, which differs by five amino acids from that of HLA-
B*15:02) and with HLA-B*15:02 (split antigen serotype B75), suggest-
ing that occurrence of drug hypersensitivity might depend on a specific
HLA polymorphism. The association between HLA polymorphisms and
the development of drug hypersensitivity has also been shown in recent
HLA-introduced mouse models (Cardone et al., 2018; Susukida et al.,
2018; Susukida et al., 2021), where it was suggested that an HLA
polymorphism-specific immune response was elicited upon exposure to
specific drugs.

Interestingly, HLA-B*57:01 is a risk factor for drug hypersensitivity
not only upon exposure to abacavir but also to flucloxacillin and allo-
purinol (Daly et al., 2009; Mockenhaupt et al., 2019), while HLA-
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B*15:02 has been linked to reactions occurring due to exposure to
oxcarbazepine, lamotrigine, and sulfamethoxazole (Hu et al., 2011;
Hung et al., 2010; Kongpan et al., 2015) and HLA-B*58:01 associated
hypersensitivity due to carbamazepine and nevirapine (He et al., 2013;
Phillips et al., 2013). This confirms that specific HLA polymorphisms are
correlated with hypersensitivity reactions upon exposure to multiple
drugs. However, the reason for certain HLA molecules behaving as risk
factors for developing hypersensitivity reactions in response to multiple
drugs remains unclear.

Several hypotheses have been proposed as the pathogenic mecha-
nisms of HLA-dependent drug hypersensitivity. The following three
hypotheses are representative (Yun et al., 2016): the hapten hypothesis
suggests that a drug covalently binds to an antigenic peptide which is
then presented by the HLA complex. The pharmacological interaction
with an immune receptor (p-i) hypothesis recommends that the drug
noncovalently binds to an HLA complex or T-cell receptor. Moreover,
the altered peptide repertoire hypothesis reports that the drug alters the
peptide repertoire. Under these hypotheses, specific drugs are antici-
pated to modify the HLA complex, thus creating immunogenicity and
activating T-cells that recognize HLA. Considering the well-studied as-
sociation between HLA-B*57:01 and hypersensitivity to abacavir expo-
sure as an example, it was shown that the binding of abacavir to the
peptide-binding groove of HLA-B*57:01 changes the repertoire of anti-
genic peptides, suggesting that HLA-B*57:01 carries a unique antigenic
peptide that stimulates T-cells (Adam et al., 2014; Illing et al., 2012;
Ostrov et al., 2012). Meanwhile, HLA-B*57:01 has also been associated
with drug hypersensitivity due to multiple drug exposure, including
abacavir. Therefore, implying that HLA molecules, including HLA-
B*57:01, which pose a risk for developing drug hypersensitivity, have
structural properties that facilitate interaction with multiple drugs.

HLA molecules are broadly classified into class I and class II. In
general, class I molecules with A, B, and C antigen types form complexes
with Ba-microglobulin (fom) and antigen peptides in the endoplasmic
reticulum (ER) and are transported to the cell surface (Blum et al.,
2013). However, when cells expressing HLA-B*57:01 were exposed to
abacavir, it was found that they exhibited a cell surface presentation
different from that of the classical one (i.e., HLA heavy chain alone or a
dimer of HLA heavy chain and fom) (Shirayanagi et al., 2020). Hence,
the structural characteristics of HLA molecules and the peculiar as-
sembly of HLA complexes in the ER might be the reason for such
nonclassical cell surface presentation.

In this study, considering the possibility that HLA molecules posing a
risk for drug hypersensitivity might have structural characteristics
different from that of non-risk HLA, we focused on the formation pro-
cesses of HLA complexes based on HLA molecules and fam.

2. Materials and methods
2.1. Reagents

The following reagents were used in this study: anti-FLAG® M2
monoclonal antibody (Sigma-Aldrich, St Louis, MO, USA), anti-fom
polyclonal antibody (GENETEX, Irvine, CA, USA), anti-GAPDH mono-
clonal antibody (Cell Signaling Technology, Beverly, MA, USA), anti-
calnexin antibody (Abcam, Cambridge, UK), horseradish peroxidase-
labeled anti-mouse IgG antibody (GE Healthcare, Chicago, IL, USA),
horseradish peroxidase-labeled anti-rabbit IgG antibody (GE Health-
care), anti-mouse IgG Alexa® Fluor 488 (Abcam), anti-rabbit IgG
Alexa® Fluor 546 (Thermo Fisher Scientific, Waltham, MA, USA), TO-
PRO®-3 (Thermo Fisher Scientific), anti-FLAG® M2 magnetic beads
(Sigma-Aldrich), EZ-Link™ NHS-Biotin (Thermo Fisher Scientific), and
Pierce™ streptavidin magnetic beads (Thermo Fisher Scientific).

2.2. Cell culture

HelLa cells, purchased from RIKEN Cell Bank (Tsukuba, Japan), were
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maintained in a minimum essential medium (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum (Biosera, Nuaillé,
France) plus antibiotic-antimycotic mixed solution (Nacalai Tesque) and
nonessential amino acids solution (Nacalai Tesque). Cells were cultured
at 37 °C in a humidified atmosphere of 5% COs in the air.

2.3. Construction of an HLA expression vector

The HLA-B*57:01 expression vector (pcDNA-HLA-B*57:01) was
constructed in our laboratory (Susukida et al., 2018). In short, HLA-
B*57:01 cDNA was inserted into the pcDNA3.1D vector (Life Technol-
ogies, Grand Island, NY, USA) with 3x FLAG tags at the end of the C-
terminus. HLA-B*57:03, HLA-B*15:01 (pcDNA-HLA-B*15:01), and
HLA-B*15:02 expression vectors were constructed by modifying the
pcDNA-HLA-B*57:01 (Shirayanagi et al., 2020). The HLA-B*15:11
expression vector was generated by site-directed mutagenesis of the
pcDNA-HLA-B*15:01 (259G — A, 261G — C, and 272C — A). Their
amino acid sequence alignments of the polymorphic antigen-presenting
site are summarized in Supplementary Fig. 1. The HLA-B*57:03-
GIln96Leu and the HLA-B*15:01-GIn96Leu expression vectors were
generated by site-directed mutagenesis of the pcDNA-HLA-B*57:03 and
B*15:01 (362A — T). The HLA-B*58:01 expression vector was con-
structed as follows: artificial cDNA of the HLA-B*58:01 extracellular
region (purchased from Integrated DNA Technologies, Coralville, IA,
USA) was replaced with the HLA-B*57:01 extracellular region sequence
in pcDNA-HLA-B*57:01 using the In-Fusion® HD cloning kit (Takara
bio, Kusatsu, Japan).

2.4. Introduction of HLA expression vector

HeLa cells were plated in flat-bottomed 12-well plates (1.0 x 10°
cells/well). After 24 h, cells were transfected with the HLA expression
vector using the Lipofectamine® 2000 reagent (Thermo Fisher Scienti-
fic) according to the manufacturer’s instructions. After transfection for
24 h, cells were cultured with fresh medium for another 24 h.

2.5. Immobilization of HLA on anti-FLAG magnetic beads

HelLa cells expressing introduced HLA were lysed on ice in a lysis
buffer containing 0.5% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HClI
(pH 8.0), and a protease inhibitor cocktail (Roche Diagnostic, Indian-
apolis, IN, USA). The concentration of protein in the lysis buffer was
measured using a BCA™ protein assay kit (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Then, 100 pg protein in
500 pL lysis buffer was incubated with 10 pL anti-FLAG® M2 magnetic
beads overnight at 4 °C with gentle agitation. After washing the beads
with lysis buffer, bound proteins were eluted with 100 pL 0.1 M glycine-
HCI (pH 3.0) and neutralized with 20 pL solution containing 0.5 M Tris-
HCI (pH 8.0) and 1.5 M NacCl.

2.6. Cell surface protein immobilization on streptavidin magnetic beads

Hela cells expressing introduced HLA were biotinylated with 350 pL
solution of 750 pg/mL EZ-Link™ NHS-Biotin in borate buffer (pH 9.0)
containing 150 mM NaCl, 4 mM KCl, 1 mM CaCl,, 0.5 mM Mg»Cly-6H50,
0.2 mM MgS04-7H20, and 10 mM boric acid for 30 min at 4 °C. Bio-
tinylated cells were lysed on ice as above. Then, 150 pg protein in 500 pL
lysis buffer was incubated with 50 pL Pierce™ streptavidin magnetic
beads for 4 h at 4 °C with gentle agitation. After incubation, magnetic
beads were washed on ice with lysis buffer. Then, proteins were eluted
by boiling the magnetic beads in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), reducing sample buffer containing
62.5 pM Tris-HCI (pH 6.8), 12.6% glycerol, 2% p-mercaptoethanol, 2%
SDS, and bromophenol blue.
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2.7. Immunoblotting

For immunoblotting, 10 pg protein in lysis buffer, 10 pL precipitated
samples with anti-FLAG® M2 magnetic beads, or biotinylated samples
were subjected to electrophoresis in a polyacrylamide gel containing
0.1% SDS. Separated proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Berlin, Germany). After
blocking membranes with 5% bovine serum albumin (Nacalai Tesque) at
25 °C for 1 h, blots were incubated overnight at 4 °C with primary an-
tibodies at a 1:1000 dilution. The membranes were then incubated for 1
h at 25 °C with the corresponding horseradish peroxidase-labeled sec-
ondary antibodies at a 1:5000 dilution. Bound antibodies were detected
using the ECL prime detection reagent (GE Healthcare) and a LAS-4000
luminescent image analyzer (GE Healthcare). Images of the full-size
membrane are available in Supplementary Fig. 2.

2.8. Immunofluorescence imaging

HeLa cells expressing introduced HLA were fixed in 4% para-
formaldehyde (Nacalai Tesque) for 10 min at 4 °C and permeabilized in
PBS containing 0.05% Triton X-100 for 10 min at 4 °C. After blocking
cells with 1% bovine serum albumin at 25 °C for 30 min, cells were
stained with anti-FLAG® M2 monoclonal antibody and anti-calnexin
monoclonal antibody at a 1:200 dilution for 30 min at 25 °C. Second-
ary antibodies were added at a 1:200 dilution for 30 min at 25 °C. Nuclei
were stained with TO-PRO®-3 stain (Thermo Fisher Scientific) for 5 min
at 25 °C. Then, cells were mounted in Vectashield antifade mounting
medium (Vector Laboratories, Burlingame, CA, USA). Immunofluores-
cence images were captured under a Zeiss LSM 700 confocal microscope
equipped with Airyscan and ZEN software (Zeiss, Jena, Germany).

2.9. Molecular Dynamics (MD) simulation

MD simulations were performed using the AMBER16 package, as
previously described (Jaruthamsophon et al., 2017). The crystal struc-
tures of the heterotrimeric complexes of the extracellular domain of HLA
heavy chain, fom and antigen peptide were downloaded from the pro-
tein data bank (PDB). After removing the antigen peptide, the HLA-fom
heterodimer of HLA-B*57:01, HLA-B*57:03, HLA-B*58:01, HLA-
B*15:01, and HLA-B*15:02 (PDB ID code 5VUF, 5VWF, 5VWH, 6VB3,
and 6VB4, respectively (Illing et al., 2018)), served as starting structures
for MD simulations. All heterodimer complexes were solvated with
TIP3P (transferable intermolecular potential 3P) water in an octahedron
box maintaining a buffering distance of 10 A between the complex
surface and box boundary. Counter ions were added to neutralize each
model system using the LEaP module of AMBER16. All prepared systems
were minimized in two steps. Water molecules and ions were initially
minimized by keeping force restraints over the complexes, followed by
minimization of the whole system in the second setup. The first 3000
steps of energy minimization were run using the steepest descent
method, whereas the remaining 7000 steps were run using the conjugate
gradient method. After minimization, each system was gently allowed to
heat from 0 to 310 K at 100 ps at constant volume and equilibrated at
310 K for another 400 ps at constant pressure. Finally, a production run
was performed with no restraints imposed for 200 ns in an isothermal
isobaric (NPT) ensemble, and a time step of 2 fs was adopted.

2.10. Trajectory analysis

The calculations of the root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) were performed using CPPTRAJ (Roe
and Cheatham, 2013). The calculation of the migration distance of each
atom and the Student’s t-test were performed using Microsoft Excel
(Redmond, WA, USA).
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3. Results

3.1. HLA-B risk molecules associated with drug hypersensitivity had a
lower affinity for fom than non-risk variants

A newly synthesized HLA heavy chain forms a heterodimer with
subunit pom, followed by the loading of the heterodimer with an anti-
genic peptide before being expressed on the cell surface. Accordingly,
the affinity between the HLA heavy chain and fam can be a parameter
that greatly influences the efficiency of HLA complex formation and
surface expression. To evaluate the strength of affinity of the HLA heavy
with Bom, we compared the concentration of fom bound to the HLA
heavy chain between risk and non-risk HLA molecules. We introduced 3
x FLAG-tagged HLA heavy chain and fom into HeLa cells and then
immunoprecipitated the HLA from cell lysates using an anti-FLAG® M2
monoclonal antibody. We found that the amount of fom immunopre-
cipitated with HLA-B*57:01 and HLA-B*58:01 (both risks) was lower
than that with HLA-B*57:03 (non-risk). Likewise, the amount of fom
immunoprecipitated with HLA-B*15:02 and HLA-B*15:11 (both risks,
HLA-B*15:11 belongs to the group of broad antigen serotype B15 and
split antigen serotype B75) was lower than that with HLA-B*15:01 (non-
risk) (Fig. 1). In addition, we found that risk molecules showed a slightly
lower amount of HLA heavy chain present in the whole cell lysate
compared with that in the non-risk molecule (Fig. 1). These results
suggested that risk HLA molecules have lower affinity for fom than non-
risk, which might influence the HLA expression and complex formation.

3.2. Flexibility of residues that form hydrogen bonds between the HLA
heavy chain and fom

We found that the risk HLA heavy chains had a low affinity for fom
(Fig. 1). To investigate the cause of this weak interaction, we performed
MD simulations to evaluate the flexibility of the HLA-Bom heterodimer
complex. We initially focused on the HLA complex (HLA heavy chain

S~ ANS AS XY g5 N
Oc\){. x-os\g >(-°.),\Q * Q)Q *'{OQ x-'\bg &'é:)\
N A )
Q Bom — — -1
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L - 63
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GAPDH ———— — ————————— - 35

Fig. 1. HLA-B risk molecules associated with drug hypersensitivity have a
lower affinity with fom than non-risk variants. Lysates of HLA-introduced HeLa
cells were subjected to immunoprecipitation using anti-FLAG® M2 monoclonal
antibody magnetic beads. FLAG-tagged protein (equivalent to HLA heavy chain
protein) and fom were detected by western blotting (IP: FLAG). Each whole cell
lysate sample was also subjected to western blot analysis to detect the FLAG-
tagged protein and f,m (Whole). GAPDH protein was used as the
loading control.
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and Pom) and evaluated the RMSD of the atoms that constitute each
main chain (Fig. 2a). However, we did not observe any clear difference
between risk and non-risk HLAs, the RMSD of which remained stable at
approximately 1.0-2.0 A for the entire calculated time of 100 ns. Next,
we calculated the RMSF of each residue at the end of the 100 ns because
all complexes were stable during this period (Fig. 2b). Accordingly, we
found that risk HLAs showed higher RMSF values in some residues than
non-risk HLAs. Especially, the RMSF value of GIn96 in HLA-B*57:01
(0.5452 A) and HLA-B*58:01 (0.7312 A) was higher than that in HLA-
B*57:03 (0.5214 [o\). To determine whether there was a significant dif-
ference in oscillation between risk and non-risk HLAs, we calculated
whether there was a remarkable difference in the migration distance per
ns for each atom of the residues associated with hydrogen bonding
(Tysoe-Calnon et al., 1991). As a result, we detected that risk HLAs
oscillated more violently than non-risk HLAs at GIn96 and Asp122, in
both HLA-B17 (Table 1) and HLA-B15 (Table 2) serotypes. These two
residues constitute hydrogen bonds with fom in the F pocket at the HLA
peptide-binding groove.

3.3. HLA alleles associated with drug hypersensitivity accumulated in the
ER

Our in vitro and in silico data suggested that risk HLAs (HLA-
B*57:01, HLA-B*58:01, HLA-B*15:02, and HLA-B*15:11) were less

= B*57:03 (non-risk)
— B*57:01 (risk)
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likely to have a weak affinity for fom. Therefore, we assumed that risk
HLAs might accumulate in the ER, where they are synthesized. We next
evaluated the subcellular localization of HLA and assessed whether this
weak affinity between HLA and pom affects the localization of HLA
molecules. We observed that most HLA-B*57:03 did not overlap with
calnexin, an ER-marker, whereas a large part of HLA-B*57:01 and
B*58:01 overlapped with calnexin (Fig. 3a), suggesting a tendency for
retention of these risk HLAs in the ER. To confirm that their accumu-
lation in the ER was due to the weak affinity between the HLA heavy
chain and pom, we introduced a GIn96Leu mutant of HLA, which cannot
bind to pom via hydrogen bonds (Tysoe-Calnon et al., 1991). Our MD
simulations also indicated that the flexibility of GIn96 affected the HLA-
Bom binding. Accordingly, we found that most HLA-B*57:03-Gln96Leu,
which had an extremely weak affinity to fom (Fig. 3b), overlapped with
calnexin (Fig. 3a), supporting our hypothesis. We also confirmed that
risk HLAs were likely to accumulate in the ER using HLA-B15 serotypes
(Fig. 3a, b). In addition, we examined the cell surface expression of HLAs
using cell surface biotinylation assays. We observed that risk HLAs and
HLA-GIn96Leu mutants showed lower levels of expression than non-risk
HLAs (Fig. 3c), implying that risk HLAs were accumulated in the ER.
Conclusively, we assumed that the high accumulation of risk HLAs in the
ER and their relatively lower expression on the cell surface might be due
to the weak affinity between the HLA heavy chain and pom.

— B*15:01 (non-risk)
— B*15:02 (risk)

3 — B*58:01 (risk) 37
< i
N 2
()]
S 1
2
0 T | T 1 0 T T T |
0 100 200 O 100 200
Calculation time (ns) Calculation time (ns)
b — B*57:03 (non-risk) —B*15:01 (non-risk)
— B*57:01 (risk) — B*15:02 (risk)
— B*58:01 (risk)
5] 54 HLA Bom
<C 4 4
L 3- 3-
0N 24 2
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N 0\8’ q',\(b'\"\ QCS‘\ N @(9 q’/\%\”\ Q,Q\?

Amino acid residue

Amino acid residue

Fig. 2. Flexibility of residues that form hydrogen bonds between the HLA heavy chain and pom. (a) Root mean square deviation (RMSD) vs. time plot of whole main
chain atoms of each HLA-B,m complex, HLA-B*57:03 (left blue), HLA-B*57:01 (left red), HLA-B*58:01 (left green), HLA-B*15:01 (right blue), and HLA-B*15:02
(right red). (b) RMSF vs. residue of each HLA-fom complex, HLA-B*57:03 (left blue), HLA-B*57:01 (left red), HLA-B*58:01 (left green), HLA-B*15:01 (right
blue), and HLA-B*15:02 (right red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Migration distance of each atom in HLA-B*57:01 (risk), B*57:03 (non-risk), and
B*58:01 (risk) residues that relate to HLA-Bom hydrogen bonds. Bold values are
significantly larger than those in the control allele HLA-B*57:03 (p < 0.05).
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Table 2

Migration distance of each atom in HLA-B*15:01 (non-risk) and B*15:02 (risk)
residues that relate to HLA-Bom hydrogen bonds. Bold values are significantly
larger than those in the control allele HLA-B*15:01 (p < 0.05).

Mean migration distance + S.D.

Residue Atom

B*57:03 B*57:01 B*58:01

(PDB:5VWF) (PDB:5VUF) (PDB:5VWH)

Tyr27 N 0.653 £ 0.291 0.622 + 0.269 0.647 + 0.268
(D Ca 0.667 + 0.295 0.654 + 0.297 0.653 + 0.266
pocket) Cg 0.747 + 0.333 0.779 £ 0.373 0.752 £ 0.318
Cg 0.792 + 0.349 0.776 £ 0.400 0.744 + 0.309

Cp1 0.951 + 0.452 0.953 + 0.525 0.839 + 0.410

Cg1 1.076 + 0.519 1.037 4+ 0.584 0.884 + 0.441

Cz 1.074 + 0.517 0.992 + 0.495 0.872 £+ 0.412

On 1.279 + 0.646 1.157 + 0.560 1.027 + 0.497

Cg2 1.067 + 0.534 1.051 + 0.577 0.933 + 0.455

Cp2 0.938 + 0.467 0.961 + 0.548 0.866 + 0.406

Ca 0.680 + 0.282 0.681 + 0.307 0.652 + 0.280

o 0.810 + 0.339 0.723 £+ 0.311 0.719 + 0.305

GIn32 N 0.851 + 0.411 0.800 + 0.363 0.785 + 0.319
(A Ca 0.808 + 0.373 0.738 £ 0.328 0.756 + 0.322
pocket) Cp 0.885 + 0.411 0.800 + 0.376 0.872 £+ 0.375
Cg 0.912 + 0.436 0.803 + 0.379 0.993 + 0.573

Cp 0.787 + 0.361 0.796 + 0.362 0.950 + 0.532

Og1 1.179 + 0.609 0.992 + 0.529 1.129 + 0.679

Ng2 0.878 + 0.480 0.810 + 0.405 1.177 + 0.767

Ca 0.820 + 0.385 0.733 £ 0.309 0.777 £ 0.345

o 0.976 + 0.461 0.852 + 0.381 0.932 + 0.437

Arg35 N 0.665 + 0.290 0.622 + 0.300 0.616 + 0.315
(A Ca 0.658 + 0.268 0.632 + 0.314 0.622 + 0.308
pocket) Cp 0.739 £ 0.311 0.667 + 0.343 0.686 + 0.345
Cg 0.877 £ 0.481 0.761 £ 0.425 0.857 £ 0.509

Cp 1.118 + 0.637 0.861 + 0.481 1.027 + 0.578

Ng 1.359 + 0.826 0.845 + 0.498 1.169 + 0.536

Cz 1.790 + 1.197 1.009 + 0.682 1.318 + 0.677

Nu1 2.243 + 1.467 1.287 + 0.934 1.445 + 0.781

Ni2 2.124 + 1.580 1.120 + 0.818 1.621 + 0.999

Ca 0.651 + 0.278 0.634 + 0.304 0.629 + 0.318

o 0.718 + 0.304 0.676 + 0.318 0.687 + 0.344

Arga8 N 0.883 + 0.394 0.896 + 0.400 0.812 + 0.378
(A Ca 0.942 + 0.450 0.961 + 0.458 0.878 £ 0.413
pocket) Cg 1.006 + 0.486 0.986 + 0.491 0.922 + 0.424
Cg 1.171 £+ 0.631 1.241 +£ 0.714 1.053 + 0.726

Cp 1.424 + 0.835 1.278 + 0.718 1.134 + 0.806

Ng 1.388 + 0.779 1.146 + 0.651 1.024 £+ 0.547

Cz 1.675 + 0.965 1.325 + 0.769 1.174 +£ 0.714

N 2.029 + 1.228 1.687 + 0.959 1.451 + 0.965

Nu2 1.846 + 1.142 1.423 4+ 0.933 1.283 + 0.738

Ca 1.099 + 0.570 1.035 + 0.507 0.991 + 0.464

o 1.396 + 0.802 1.423 + 0.752 1.285 + 0.667

GIn96 N 0.535 + 0.217 0.586 + 0.292 0.574 £ 0.262
(F Ca 0.504 + 0.204 0.563 + 0.276 0.559 + 0.249
pocket) Cg 0.549 + 0.223 0.633 + 0.288 0.622 + 0.286
Cg 0.625 + 0.255 0.658 + 0.292 0.691 + 0.314

Cp 0.644 + 0.225 0.682 + 0.311 0.681 + 0.314

Og1 0.723 + 0.287 0.845 + 0.392 0.809 + 0.369

Ng2 0.731 £ 0.279 0.765 + 0.317 0.756 + 0.378

Ca 0.490 + 0.199 0.574 + 0.315 0.568 + 0.276

o 0.553 £ 0.242 0.641 £ 0.374 0.664 + 0.342

Asp122 N 0.821 + 0.322 0.926 + 0.397 0.941 + 0.391
(F Ca 0.807 + 0.316 0.896 + 0.407 0.902 + 0.390
pocket) Cp 0.991 + 0.426 1.045 £+ 0.480 1.098 + 0.485
Cg 1.180 + 0.547 1.369 + 0.629 1.359 + 0.621

Op1 1.988 + 0.854 2.088 + 1.000 2.052 + 0.968

Op2 1.900 + 0.903 2.129 £+ 0.938 2.042 £1.013

Ca 0.772 £ 0.330 0.858 + 0.410 0.860 + 0.406

o 0.845 + 0.361 1.003 + 0.469 0.971 + 0.480

3.4. HLA molecules associated with drug hypersensitivity had a lower
affinity for tapasin

These risk HLAs tended to accumulate in the ER possibly due to their
low affinity for fom. In general, newly synthesized HLA forms a heter-
odimer with fom in the ER, followed by the binding of the heterodimer
to several proteins, including tapasin, forming a peptide-loading

Mean migration distance + S.D.

Residue Atom

B*15:01(PDB:6VB3) B*15:02(PDB:6VB4)

Tyr27 N 0.503 + 0.234 0.580 + 0.252
(D pocket) Ca 0.519 + 0.252 0.590 + 0.257
Cp 0.618 + 0.278 0.656 + 0.263

Cg 0.620 + 0.262 0.669 + 0.324

Cp1 0.792 + 0.418 0.837 + 0.523

Cr 0.888 + 0.440 0.908 + 0.684

Cz 0.830 + 0.335 0.878 + 0.679

On 0.986 + 0.465 1.068 + 0.866

Cea 0.801 + 0.369 0.894 + 0.615

Cp2 0.702 + 0.339 0.792 + 0.441

Ca 0.522 + 0.239 0.586 + 0.287

o) 0.586 + 0.259 0.653 + 0.323

Gln32 N 0.642 + 0.266 0.755 + 0.386
(A pocket) Ca 0.575 + 0.244 0.682 + 0.353
Cp 0.616 + 0.276 0.743 + 0.388

Cg 0.641 + 0.292 0.798 + 0.446

Cp 0.614 + 0.281 0.943 + 0.614

Og1 0.911 + 0.573 1.045 + 0.728

NE2 0.673 + 0.359 1.239 + 1.115

Ca 0.570 + 0.272 0.683 + 0.379

o) 0.678 + 0.335 0.816 + 0.433

Arg35 N 0.525 + 0.256 0.616 + 0.285
(A pocket) Ca 0.537 + 0.250 0.603 + 0.272
Cp 0.634 + 0.291 0.654 + 0.311

Cg 0.795 + 0.365 0.786 + 0.341

Cp 1.051 + 0.625 0.926 + 0.487

Ng 1.258 + 0.805 1.081 + 0.694

Cz 1.708 + 1.174 1.324 + 0.861

Nint 2.103 + 1.450 1.555 + 0.951

Ni 2.012 + 1.547 1.611 + 1.188

Ca 0.551 + 0.248 0.608 + 0.283

o) 0.629 + 0.267 0.680 + 0.308

Arg48 N 0.751 + 0.369 0.773 + 0.353
(A pocket) Ca 0.779 + 0.365 0.835 + 0.393
Cp 0.866 + 0.500 0.922 + 0.505

Cg 1.051 + 0.596 1.095 + 0.607

Cp 0.990 + 0.555 0.977 + 0.573

Ng 1.239 + 0.660 1.129 + 0.779

Cz 1.509 + 0.840 1.373 + 0.828

Nint 1.343 + 0.782 1.298 + 1.036

Nia 0.835 + 0.416 0.792 + 0.353

Ca 1.141 + 0.662 0.937 + 0.465

o) 0.796 + 0.378 0.868 + 0.427

GIn96 N 0.507 + 0.207 0.565 + 0.275
(F pocket) Ca 0.483 + 0.190 0.531 + 0.253
Cp 0.524 + 0.207 0.588 + 0.261

Cg 0.526 + 0.223 0.719 + 0.341

Cp 0.557 + 0.239 0.683 + 0.293

Op 0.687 + 0.277 0.787 + 0.379

Ng2 0.635 + 0.285 0.768 + 0.307

Ca 0.502 + 0.213 0.513 + 0.276

o) 0.561 =+ 0.264 0.615 + 0.345

Asp122 N 0.818 + 0.362 0.886 + 0.360
(F pocket) Ca 0.767 + 0.332 0.887 + 0.370
Cp 0.922 + 0.429 1.106 + 0.480

Cg 1.185 + 0.603 1.327 + 0.673

Op1 2.181 + 0.929 2.187 + 0.885

Opa 1.915 + 0.912 2.000 + 0.945

Ca 0.723 + 0.311 0.799 + 0.359

o) 0.850 + 0.402 0.917 + 0.405

complex (PLC) to load an antigen peptide (Blum et al., 2013). After
loading the antigen peptide, the HLA heterotrimeric complex dissociates
from the PLC and escapes the ER to the cell surface. However, the risk
HLAs forming these complexes slower is indicated to have difficulty in
dissociating from PLC. Therefore, we evaluated the binding of HLAs to
tapasin to compare the amount of HLA integrated into the PLC. We
found that the risk HLAs (HLA-B*57:01, HLA-B*58:01, and HLA-
B*15:02) bind to tapasin more strongly than the non-risk HLAs (HLA-
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Fig. 3. HLA alleles associated with drug hypersensitivity accumulate in the endoplasmic reticulum. (a) HLA-introduced HeLa cells were stained using anti-FLAG®
M2 monoclonal (green) and anti-calnexin (red) antibodies. Nuclei were stained using TO-PRO®-3 (blue). Scale bars represent 10 pm (upper) and 2.5 pm (lower,
enlarged). (b) Lysates of HLA-introduced HeLa cells were subjected to immunoprecipitation using anti-FLAG® M2 monoclonal antibody magnetic beads. FLAG-
tagged protein (equivalent to HLA protein) and fom were detected by western blotting (IP: FLAG). Each whole cell lysate sample was subjected to western blot
analysis to detect the FLAG-tagged protein and fom (Whole). GAPDH protein was used as the loading control. (c) Surface proteins of HLA-introduced HeLa cells were
biotinylated and precipitated using streptavidin magnetic beads. FLAG-tagged protein (equivalent to HLA protein) was detected by western blot analysis (Surface).
Whole cell lysates were subjected to western blot analysis to detect the FLAG-tagged protein (Whole). Na*/K* ATPase and GAPDH proteins were used as loading
controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B*57:03, HLA-B*15:01) (Fig. 4). In addition, HLA-B*15:11 showed a
lower affinity for tapasin than HLA-B*15:01, while the HLA-GIn96Leu
mutants were rarely bound to tapasin (Fig. 4), implying that in order
for HLA to bind to tapasin it should be able to bind to pom to some
extent. Overall, the high affinity between the risk HLAs and tapasin
indicated that these HLA risk molecules in the ER are highly integrated
into the PLC, where HLAs have inefficient complex formation ability
with Bom and antigen peptide.

4. Discussion

Our study highlighted the importance of focusing on the affinity
between heavy chains and fom and the accumulation of HLA molecules
in the ER for understanding the drug hypersensitivity associated with
HLA polymorphisms. Multiple HLA molecules pose a risk of developing
hypersensitivity, including HLA-B*57:01, which are presumed to be
unlikely to form a heterotrimeric complex with fom and antigen pep-
tides (Shirayanagi et al., 2020). These molecules have been shown to
have a lower affinity for pom compared with non-risk HLA poly-
morphisms. Perhaps due to this property, a substantial amount of HLA-
B*57:01 is accumulated in the ER; however, Ostrov et al. suggested the
possibility of the HLA-B*57:01 molecule binding to abacavir at the stage
of the HLA complex formation in the ER, thus changing the antigenic

peptide to be loaded (Ostrov et al., 2012). In addition, we found that
while a normal HLA-B complex forms a heterotrimeric complex with
Bom and antigen peptides on the cell surface, some HLA-B*57:01 mol-
ecules expressed on the cell surface did not have the heterotrimer
structure, and the ratio of such structures was increased after exposure
to abacavir (Shirayanagi et al., 2020). From these results, we inferred
that the binding of a drug such as abacavir to HLA-B*57:01 at the stage
of complex formation in the ER leads to abnormalities in the structure at
the time of surface expression. Additionally, the low assembly efficiency
of the HLA-B*57:01 complex facilitates its accumulation in the ER,
potentially promoting its binding to abacavir and other drugs and
rendering abnormal the structure of HLA expressed on the cell surface
thus resulting in increased risk for drug hypersensitivity.

The low assembly efficiency of the HLA-B*57:01 complex that fa-
cilitates its accumulation in the ER might make the intracellular envi-
ronment prone to stress during the synthesis of HLA complexes, which
might also facilitate the onset of drug hypersensitivity. Martin et al.
found that, in peripheral blood mononuclear cells (PBMC) taken from
patients with HLA-B*57:01 and abacavir-induced hypersensitivity,
exposure to abacavir-induced the expression of HSP70, large amounts of
which were localized in the ER and endosomes. Additionally, they found
that exposure to abacavir led to colocalization of HLA-B*57:01 and
HSP70, and the expression level of the inflammatory cytokine IFN-y was
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Fig. 4. HLA molecules associated with drug hypersensitivity have a lower af-
finity for tapasin. Lysates of HLA- and tapasin-introduced HeLa cells were
subjected to immunoprecipitation using anti-FLAG® M2 monoclonal antibody
magnetic beads. FLAG-tagged (equivalent to HLA protein) and PA-tagged
(equivalent to tapasin) proteins were detected by western blot analysis (IP:
FLAG). Each lysate sample was subjected to western blot analysis to detect the
FLAG-tagged and PA-tagged proteins (Whole). GAPDH protein was used as the
loading control.

correlated with the high expression level of HSP70 (Martin et al., 2007).
Studies have suggested that HSP70 binds to misfolded proteins (Mor-
ishima, 2005), following its ER stress-induced expression (Brostrom and
Brostrom, 1998), and mutations in HSP70 potentiate the risk for
abacavir-induced hypersensitivity (Martin et al., 2004). Interpretation
of these findings by Martin et al., along with the poor assembly property
of HLA-B*57:01 and its tendency to accumulate in the ER, led us to infer
the following scheme: (1) HLA accumulates in the ER due to poor
complex assembly efficiency. (2) In the ER, HLA binds to abacavir and
undergoes structural changes that result in a structure that is abnormal
enough to bind HSP70. (3) This complex then induces ER stress, which
leads to downstream immune activation such as cytokine induction. We
observed surface expression of abnormally structured HLA in HLA-
B*57:01-expressing cells when exposed to abacavir, which was not
observed in HLA-B*57:03-expressing cells (Shirayanagi et al., 2020).
This result supports the above schemes (1) and (2).

Martin et al. reported that individuals carrying both HLA-B*57:01
and mutant HSP70 do not necessarily elicit an immune response to
abacavir (Martin et al., 2004). Therefore, there might be other causes
behind the onset of drug hypersensitivity other than these two risk
factors. Proteins that constitute PLC, such as tapasin, are also factors that
aid in the assembly of HLA complexes and have been strongly associated
with the accumulation of HLA molecules in the ER (Blum et al., 2013).
Hence, the possibility of their involvement in the onset of drug hyper-
sensitivity cannot be ruled out. As the affinity between tapasin and HLA
risk molecules is high and previous studies indicated that the cell surface
expression of HLA-B*57:01 was further decreased due to tapasin defi-
ciency compared with that of HLA-B*57:03 (Rizvi et al., 2014), the
accumulation of HLA in the ER and efficiency of PLC formation might be
related to the onset of drug hypersensitivity. In addition, the level of
expression and activity of proteins that constitute PLC, such as tapasin, is
known to change depending on factors such as genotype and infection
history (Perria et al., 2006; Wycisk et al., 2011), with the level of
expression varying depending on the tissue (The Human Protein Atlas,
https://www.proteinatlas.org/). In the lesion site of patients who
develop drug hypersensitivity, the low level of PLC formation might
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cause a more profound accumulation of risk HLAs in the ER and facili-
tate the response to the drug. In summary, when explaining the indi-
vidual differences and tissue specificity in the development of drug
hypersensitivity, it is necessary to consider proteins that constitute PLC,
such as tapasin, in addition to HLA polymorphisms.

In the present study, calculating the RMSD of entire HLA molecules
associated with drug hypersensitivity and evaluating their flexibility
revealed the lack of large differences between polymorphisms. Howev-
er, the flexibility of HLA residues that form hydrogen bonds with fom
was shown to be high in risk HLAs, which might indicate the risk of
developing drug hypersensitivity. This result suggested the possibility of
evaluating the risk of drug hypersensitivity posed by a HLA poly-
morphism by evaluating only the residues that form hydrogen bonds
with fom. Autoimmune diseases for which involvement of HLA-B has
been repeatedly reported include ankylosing spondylitis (HLA-B*27:05,
B*27:04, and B*15:02 pose risk) (Loll et al., 2016; Wu et al., 2020),
Behcet’s disease (HLA-B*51:01, B*57, B*35, and B*27 pose risk) (Adeeb
etal., 2017; Gul and Ohno, 2012), and psoriasis (HLA-B*57:01 and B*27
pose risk) (Hentzien et al., 2020; Queiro et al., 2016). In addition, risk
HLA polymorphisms for drug hypersensitivity have often been reported
to correlate with autoimmune diseases as well. Based on these results,
we speculated that the evaluation of flexibility of the hydrogen bonding
residues in the HLA heavy chain-fom might be useful for evaluating the
risk of developing autoimmune diseases and drug hypersensitivity. In
the past, MD simulations for evaluating the risk of autoimmune diseases
posed by HLA polymorphism were conducted on HLA-B*27:05 (risk
polymorphism) and HLA-B*27:09 (non-risk polymorphism). These
simulations showed that the antigen-presenting site of the HLA was
more flexible in risk HLAs of ankylosing spondylitis; the loaded anti-
genic peptide was also shown to be highly flexible (Abualrous et al.,
2015). The weak affinity of the HLA-B27 polymorphism with pom has
also been suggested to pose a risk for ankylosing spondylitis (Tsai et al.,
2002), and the weak hydrogen bonding of the HLA heavy chain with
Bom might correlate with the flexibility of the antigen-presenting site
and the high flexibility of the loaded peptide. Considering that the risk
HLA polymorphisms for drug hypersensitivity investigated in this study
had a high affinity to tapasin, the weak hydrogen bonding between the
heavy chain of risk HLA polymorphisms and fom might contribute not
only to the heterodimer structure of HLA-Bom, but also the instability of
the heterotrimeric structure of the HLA-Bom-peptide that is associated
with the flexibility of the antigen-presenting site.

Based on this study, it appears useful to evaluate the interaction of
HLA-Bom in preclinical development to predict and avoid drug hyper-
sensitivity in patients. Predicting the onset of HLA polymorphism-
dependent drug hypersensitivity has been considered practically diffi-
cult due to various HLA polymorphisms and the combination of com-
pounds and drugs to be evaluated. In the future, it might become
possible to predict the onset of toxicity more easily by evaluating the
affinity between HLA molecules and fom to identify risk HLA poly-
morphisms and studying whether or not they invoke a response
following drug exposure.
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