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The interaction of human leukocyte antigen (HLA) with specific drugs is associated with delayed-type 
hypersensitivity reactions, which cause severe cutaneous toxicity. Such interactions induce structural altera-
tions in HLA complexes via several different mechanisms such as the hapten theory, p-i concept, and altered 
peptide repertoire model, leading to the activation of cytotoxic T cells. To date, comprehensive detection of 
such structural alterations in preclinical studies has been difficult. Here, we evaluated structural alterations 
in HLA complexes focusing on the interaction between the HLA-B*57 : 01 allele and abacavir (an anti-human 
immunodeficiency virus drug), representing a model of abacavir hypersensitivity syndrome induced by 
changes in the peptide repertoire on the HLA molecule. We employed a phage display method using a com-
mercially available antibody library to screen specific phage antibodies able to recognize HLA-B*57 : 01. The 
affinity of selected phage antibodies increased because of structural alterations in HLA-B*57 : 01 following 
exposure to abacavir, indicating that specific phage antibodies can identify drug-mediated structural changes 
in HLA complexes. We also identified an unreported structural change in HLA-B*57 : 01 using the phage dis-
play method, whereby abacavir increased the expression of peptide-deficient HLA-B*57 : 01 on the cell sur-
face. These results suggest that phage display technology is a useful method for detecting structural changes 
in HLA complexes. This technology represents a potential novel strategy for predicting HLA-associated hy-
persensitivity reactions by drugs in pre-clinical studies.
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INTRODUCTION

T cell-mediated delayed-type hypersensitivity reactions to 
drugs range from rash to life-threatening severe cutaneous 
adverse reactions such as Stevens–Johnson syndrome (SJS), 
toxic epidermal necrolysis (TEN), and drug reaction with 
eosinophilia and systemic symptoms (DRESS).1) Such reac-
tions are difficult to predict based on the results of preclinical 
studies, and they represent a barrier to drug development. 
Genome-wide association studies have shown that some drug 
hypersensitivity reactions are related to specific human leu-
kocyte antigen (HLA) allotypes2,3); such as HLA-B*57 : 01 
in abacavir-induced hypersensitivity reactions including skin 
rash4); HLA-B*15 : 02 in carbamazepine-induced SJS/TEN5); 
HLA-A*31 : 01 in carbamazepine-induced DRESS6); and 
HLA-B*58 : 01 in allopurinol-induced SJS/TEN.7) Hypersensi-
tivity reactions to abacavir, an inhibitor of human immunode-
ficiency virus (HIV) reverse transcriptase, have been widely 
investigated in association with HLA-B*57 : 01 allotype; only 
patients who possess this allotype develop hypersensitivity 
reactions following abacavir exposure.4,8)

T cells stimulation via the T cell receptor (TCR) occurs via 
several mechanisms. The hapten theory assumes that drugs 
covalently bind to intracellular proteins or peptides, leading to 
the presentation of haptenized peptides to T cells.9) A second 
hypothesis is the pharmacological interaction with immune 

receptor (p-i) concept, which suggests that drugs or their me-
tabolites non-covalently bind to HLA or other immune recep-
tors.10) In the case of carbamazepine reacting with T cells, the 
drug forms interactions between specific TCR clonotypes and 
the HLA-B*15:02 molecule.11) If these drug–immune receptor 
interactions have sufficient affinity, they may elicit an immune 
response. The third hypothesis, the altered repertoire model, 
suggests that drugs or their metabolites can non-covalently 
bind to the pocket of the peptide-binding groove in certain 
HLA molecules, resulting in the presentation of a new rep-
ertoire of endogenous self-peptides on the HLA molecule.12) 
Recent studies have shown that abacavir non-covalently 
binds to the F-pocket of the HLA-B*57 : 01 peptide-binding 
groove, and modifies the peptide repertoire.12,13) In this case, 
peptides with a small aliphatic residue, such as Leu or Ile, at 
the C-terminal end are favored over peptides with Trp or Phe, 
which are normally presented by unmodified HLA-B*57 : 01 
molecules. This change in peptide repertoire activates CD8+ 
T cells.14)

Recent studies have shown that drugs can directly interact 
with HLA molecules, forming an antigenic structure that is 
able to induce a T-cell response.14) Therefore, interactions 
between drugs and HLA have been evaluated to predict the 
risk of hypersensitivity reactions. For example, the use of a 
HLA library containing different allotypes has been proposed 
to screen new drugs for their ability to bind HLA and for 
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their potential to induce severe drug hypersensitivity reac-
tions has been proposed.15)In silico docking simulations have 
been used to accurately predict the binding of abacavir, car-
bamazepine, and allopurinol to HLA-B*57 : 01, HLA-B*15:02, 
and HLA-B*58 : 01, respectively.11,16,17) These assays determine 
whether a test compound can bind to HLA; however, it is 
difficult to demonstrate that the compound alters the HLA 
structure and affects T-cell recognition. Furthermore, such 
assays do not consider intracellular processes, such as drug 
metabolism and transport.

Therefore, we have developed a method to evaluate the abil-
ity of a drug to alter the structure of HLA and be recognized 
as a neo-antigen by T cells. For this purpose, we utilized 
phage display technology18) to identify human TCR-like mono-
clonal antibody domains with specificity for the structurally 
altered HLA. This method involves the generation of phage 
clone libraries. Each phage clone carries genes that encode 
an antibody (a single chain Fv or a Fab fragment) as a fusion 
protein on their surface. Therefore, it is possible to select dif-
ferent phage clones by assessing whether they bind a target, 
and to isolate clones with the desired specificity. Phage display 
technology has been used to isolate various TCR-like anti-
bodies against cancer–peptide/HLA complexes, with no cross-
reactivity to normal tissues.19,20)

In this study, we report the discovery of phage clones that 
recognize structural changes in HLA-B*57 : 01. We character-
ized the ability of phage clones to bind HLA-B*57 : 01, and 
their binding affinity was enhanced in the presence of abaca-
vir. Our findings show that phage display may be a useful tool 
for evaluating the ability of test compounds to induce struc-
tural changes in HLA.

MATERIALS AND METHODS

Reagents  Abacavir sulfate (Carbosynth, Berkshire, U.K.) 
was dissolved in MilliQ water. Carbamazepine (Wako, Osaka, 
Japan) was dissolved in dimethyl sulfoxide (DMSO). For 
fluorescence-activated cell sorting (FACS) analysis, fluores-
cein isothiocyanate (FITC) anti-HLA-A,B,C (W6/32) antibody 
(Biolegend, San Diego, CA, U.S.A.), anti-M13 antibody (E1; 
Abcam, Cambridge, U.K.), anti-B17 antibody (0196HA; One 
LAMBDA, Canoga Park, CA, U.S.A.), and anti-HLA class I 
heavy chain antibody (HC10; Nordic-MUbio, Susteren, the 
Netherlands) were used.

Cell Culture  HeLa cells, purchased from RIKEN Cell 
Bank (Tsukuba, Japan), were maintained in minimum essen-
tial medium (MEM; Nacalai Tesque, Kyoto, Japan) supple-
mented with 10% fetal bovine serum (Life Technologies, 
Grand Island, NY, U.S.A.) plus antibiotic–antimycotic mixed 
solution (Nacalai Tesque) and non-essential amino acids solu-
tion (Nacalai Tesque). Cells were cultured at 37°C in a hu-
midified atmosphere of 5% CO2 in air.

Construction of an HLA Expression Vector  The 
HLA-B*57 : 01 expression vector (pcDNA-HLA-B*57 : 01) 
was constructed as follows: HLA-B*57 : 01 cDNA was ampli-
fied from immortalized human B cells (ECAC C, Salisbury, 
U.K.) and inserted into the pcDNA3.1D vector (Life Tech-
nologies) with 3× FLAG tags at the end of the C-terminus.21) 
β2-Microglobulin (β2m), amplified from isolated human 
hepatocytes, was combined with HLA-B*57 : 01 by fus-
ing a 2A peptide sequence. The HLA-B*15:01 expression 

vector (pcDNA-HLA-B*15:01) was constructed as follows: 
HLA-B*15:01 cDNA (RIKEN, Tsukuba, Japan) was ampli-
fied and 3× FLAG tags–2A peptide-human β2m were inserted 
at the C-terminal end. The resultant HLA-FLAG-2A-β2m 
plasmid was inserted into the pcDNA3.1D vector. To con-
struct HLA-B*15:01 (pcDNA-HLA-B*15:01), HLA-B*27 : 05 
(pcDNA-HLA-B*27 : 05), and HLA-B*35 : 01 (pcDNA-HLA-
B*35 : 01) expression vectors, each gene amplified from the 
corresponding cDNA (all purchased from RIKEN) was 
replaced with the HLA-B*57 : 01 gene in pcDNA-HLA-
B*57 : 01 using the In-Fusion® HD Cloning Kit (Clontech, 
Mountain View, CA, U.S.A.). HLA-B*57 : 03, HLA-B*15:02, 
HLA-B*27 : 09, and HLA-B*35 : 05 expression vectors 
were generated by site-directed mutagenesis of pcDNA-
HLA-B*57 : 01 (412G→A, 419C→A), pcDNA-HLA-B*15:01 
(259G→A, 261G→C, 353C→T, 355C→A, 369C→T, 409C→T, 
538T→C, 539G→T), pcDNA-HLA-B*27 : 05 (418G→C), 
and pcDNA-HLA-B*35 : 01 (351T→C, 353 A→C, 363G→C, 
369T→C), respectively.

Introduction of HLA Expression Vector and Drug Ex-
posure  HeLa cells were plated in flat-bottomed six-well 
plates (2.5 × 105 cells/well). After 24 h, cells were transfected 
with the HLA expression vector using Lipofectamine™ 2000 
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. After 24 h transfection, the cells were treated with 
100 µM abacavir for 24 h.

HLA Immobilization on Magnetic Beads  HeLa cells 
expressing introduced HLA were lysed on ice in lysis buffer 
containing 0.5% Nonidet P-40, 150 mM NaCl, 50 mM Tris–
HCl (pH 8.0), and protease inhibitor cocktail (Roche Diagnos-
tic, Indianapolis, U.S.A.). The concentration of protein in lysis 
buffer was measured using a BCA™ protein Assay Kit (Ther-
mo Fisher Scientific, Waltham, MA, U.S.A.), according to the 
manufacturer’s instructions. Then, 1 mg protein in 500 µL of 
lysis buffer was incubated with 10 µL of Anti-FLAG® M2 
Magnetic Beads (Sigma-Aldrich, St. Louis, MO, U.S.A.) over-
night at 4°C with gentle agitation. After incubation, magnetic 
beads were washed on ice with lysis buffer.

Phage Display Selection  The Human Domain Antibody 
Library (DAb Library; Source BioScience, Nottingham, U.K.), 
which contains 3 × 109 independent heavy chain variable 
region (VH) clones, was amplified for selection as previously 
described.22) First, phages were pre-incubated with 50 µL of 
Anti-FLAG® M2 Magnetic Beads in phosphate buffered saline 
(PBS) (pH 7.4) including 1% bovine serum albumin (BSA, 
Nacalai Tesque) with gentle agitation for 90 min at 4°C (first 
negative selection). The supernatant (unbound phage pool) 
was reacted with HLA-immobilized magnetic beads under 
gentle agitation for 90 min at 4°C (second negative selection 
or drug-free positive selection). In METHOD-1, the superna-
tant was reacted with “abacavir-exposed HLA”-immobilized 
beads with gentle agitation for 90 min at 4°C (positive selec-
tion). After washing the beads with PBS containing 0.05% 
Tween 20 (Biorad, Hercules, CA, U.S.A.) and 1% BSA, phage-
binding antibodies were eluted with 0.1 M glycine–HCl (pH 
3.0). In METHOD-2, after the drug-free positive selection, 
phage-binding antibodies were eluted in the same manner 
as in METHOD-1. Eluted phage antibodies were used to in-
fect TG1 Escherichia coli. The TG1 cells were then cultured 
on agar plates consisting of 2× TY medium plus ampicil-
lin (100 µg/mL, Nacalai Tesque). Cells were removed from 
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plates by scraping, and infected with KM13 helper phage, 
then secreted polyclonal phage antibodies were purified from 
TG1 cells by PEG precipitation.22) Concentration of phage 
antibodies was estimated by measuring absorption at 260 nm 
according to the following a formula: phage/mL = OD260 × 
22.14 × 1010. These binding, elution, and infection steps were 
repeated three or four times. After the final round of affinity 
panning, several colonies of TG1 cells were selected and the 
DNA sequence of the VH domain was confirmed. Monoclonal 
phage purified from a single TG1 clone was stored in PBS 
containing 15% glycerol at −80°C.

Flow Cytometric Analysis  HeLa cells were treated with 
0.1 M glycine–HCl (pH 3.0) for 5 min as necessary. After 
washing with ice-cold PBS, HeLa cells were dissociated using 
Accutase™ (Nacalai Tesque). To evaluate the recognition of 
phage antibodies, 6 × 105 cells were incubated with 1 × 1011 
phages in 500 µL PBS containing 1% FBS for 2 h at 4°C, with 
gentle agitation. After washing, the cells were stained with 
an anti-M13 antibody (E1) tagged using a Dylight® 488 Fast 
conjugation kit (Abcam) on ice for 30 min. To evaluate HLA 
complexes on the cell surface, 1–3 × 105 cells were immuno-
stained with FITC anti-HLA A,B,C antibody (W6/32) or anti-
B17 antibody tagged using a Dylight® 488 Fast conjugation 
kit. To capture cell-surface peptide-deficient HLA, 1–3 × 105 
cells were immunostained with a mouse anti-HLA class I 
heavy chain antibody (HC10) and labeled with a secondary 
antibody conjugated to an Alexa Flour dye (Life Technolo-
gies). Data were acquired on an EC800 cell analyzer (SONY, 
Tokyo, Japan).

RESULTS

Selection of Phage Antibodies with Specificity for 
HLA-B*57 : 01 Structurally Modified by Abacavir  The 
complex structure of HLA-B*57 : 01 is altered by specific 
binding to abacavir.12) To detect the structurally modified 

HLA-B*57 : 01 complex in vitro, specific phage antibodies 
were selected. These antibodies can recognize the HLA 
complex modified by abacavir from the DAb Library, 
which contains M13 phage clones expressing various VH 
of human antibody22) (Fig. 1). The HLA-B*57 : 01 complex 
was acquired from the lysates of HeLa cells expressing in-
troduced HLA-B*57 : 01, with or without abacavir (100 µM) 
(termed “structurally modified HLA-B*57 : 01” or “drug-free 
HLA-B*57 : 01,” respectively), and then immobilized onto 
magnetic beads. First, the library phages were exposed to 
empty beads (without HLA-B*57 : 01 complexes) (to a final 
concentration of 2 × 1011 phages/mL), to remove phage clones 
non-specifically bound to the beads (first negative selection). 
Next, we exposed the unbound phage pools to the “drug-free 
HLA-B*57 : 01 complex”-immobilized beads to remove phage 
clones that recognize the HLA-B*57 : 01 complex, regardless 
of abacavir exposure (second negative selection). Finally, the 
unbound fraction was mixed with the “structurally modified 
HLA-B*57 : 01”-immobilized beads, and the bound compart-
ment was collected as the desired phage antibodies (positive 
selection). A series of affinity panning processes, consisting 
of these three steps was defined as METHOD-1. By repeating 
the METHOD-1 cycle four times, clones of the phage antibody 
with specificity for the “structurally modified HLA-B*57 : 01” 
were selected. The sequence of the VH regions expressed in 
25 randomly selected phage clones were determined, and two 
kinds of phage clones with different DNA sequences were 
concentrated; #1 (16 out of 25; 64%) and #2 (8 out of 25; 32%) 
(Table 1). Compared with the amino acid sequences consisting 
of complementarity determining regions (CDRs), they were 
almost different, while partial similarity was observed in the 
CDR1.

Affinity of Selected Phage Antibodies to HLA-B*57 : 01 
Structurally Altered by Abacavir  To evaluate the ability 
of these selected phage antibody clones #1 and #2 to recog-
nize the “structurally modified HLA-B*57 : 01” by abacavir, 

Fig. 1. Structure of a M13 Phage Expressing a Human Antibody Heavy Chain Variable Region (VH)
VH is genetically fused to gene III of M13 phage. The amino acid sequence of the VH region is written below. Lowercase italics represent variable amino acid residues in 

the human antibodies. Underlined (solid) letters are variable amino acid residues in the DAb library. (Color figure can be accessed in the online version.)

Table 1. Phage Antibodies Concentrated by Affinity Panning METHOD-1 Using Structurally Modified HLA-B*57 : 01

Frequency (%)  
N = 25 CDR1 CDR2 CDR3

#1 64 DKFNHYIMG AITDAG GPHDLGTKDSGSSTQFTY
#2 32 YKVIHYIMG AIYDPS GRVGNDSQIKY

Others 4
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they were incubated with HeLa cells expressing introduced 
HLA-B*57 : 01, with or without abacavir. Binding was then 
detected using an anti-M13 antibody by flow cytometry. Both 
phage clones were able to bind to HeLa cells expressing the 
“structurally modified HLA-B*57 : 01” (Fig. 2a), as shown 
by the higher signal intensity compared with the “drug-free 
HLA-B*57 : 01.”

Unexpectedly, these clones had low binding potential for 
the “drug-free HLA-B*57 : 01.” We then aimed to confirm 
whether the increased affinity of phage binding was depen-
dent on structural changes in the HLA-B*57 : 01 complex 
induced by abacavir. To address this, the selected phage anti-
bodies were incubated with HeLa cells expressing introduced 
HLA-B*57 : 03. This allotype was used as a negative control 

as it is not bound by abacavir, and does not carry a risk of 
drug-induced hypersensitivity syndrome.23) As observed with 
HLA-B*57 : 01, a low level of binding was observed; however, 
in contrast to HLA-B*57 : 01, the affinity to HLA-B*57 : 03 
complexes was not changed following exposure to abacavir 
(Fig. 2a). A control phage clone that recognizes a specific nu-
clear protein concentrated in another independent experiment 
did not demonstrate specificity to HLA-B*57 : 01 or B*57 : 03, 
regardless of exposure to abacavir (Fig. 2a). These results 
indicated that the structure of HLA was changed by the drug, 
and these changes could be detected by utilizing the biotech-
nological phage display method.

Since the affinity of the concentrated phage antibodies to 
HLA-B*57 : 01 was enhanced by abacavir, this suggests that 
any other antibodies that recognize HLA-B*57 : 01 might 
display enhanced (or weakened) affinity to the “structur-
ally modified HLA-B*57 : 01” in response to abacavir. Here, 
to clarify whether all anti-HLA antibodies alter their affinity 
to HLA-B*57 : 01 by abacavir exposure, we used two commer-
cially available antibodies; anti-HLA A,B,C antibody (W6/32, 
reacting with HLA class I α2 and α3 domain24)) and anti-B17 
antibody (0196 HA, reacting with HLA-B57 and HLA-B58 
α1 domain25)), both of which recognize HLA-B57. However, 
exposure to abacavir did not change the affinity of these two 
commercial antibodies to HLA-B*57 : 01 (Fig. 2b). These 
results indicated that these commercial antibodies were not 
useful for evaluating structural alterations in HLA complexes, 
and phage display technology may provide unique antibody 
clones capable of discriminating structural alterations in HLA 
complexes.

Simplifying Selection to Concentrate Phage Antibodies 
to Discriminate HLA-B*57 : 01 Structurally Altered by 
Abacavir  As described, the two concentrated phage anti-
bodies were able to recognize HLA-B*57 : 01 structurally 
modified by abacavir; unexpectedly, they were able to par-
tially bind “drug-free HLA-B*57 : 01” (Fig. 2a). These obser-
vations suggest that, to collect phage antibodies able to dis-
criminate between the “structurally modified HLA-B*57 : 01” 
and the “drug-free HLA-B*57 : 01,” the positive selection in 
METHOD-1 is not necessary. In fact, selecting clones of 
phage antibodies binding to “drug-free HLA-B*57 : 01” is suf-
ficient. Therefore, we attempted to simplify the affinity pan-
ning method as follows; phages from the DAb library were 
exposed to empty beads at a final concentration of 2 × 1011 
phages/mL (first negative selection), and the unbound fraction 
was exposed to the “drug-free HLA-B*57 : 01”-immobilized 
beads. Then, the bound compartment was collected as the 
desired phage clones (drug-free positive selection). A series 

Fig. 2. Flow Cytometric Evaluation of the Affinity of Phage Antibodies 
to HLA-B*57 : 01 Structurally Altered by Abacavir

(a) HLA-B*57 : 01-, HLA-B*57 : 03-, and lacZ-introduced HeLa cells cultured 
with abacavir (ABC, 100 µM, solid lines) or without ABC (dotted lines) for 24 h 
were incubated with phage antibodies (#1 and #2, and the control phage). Binding 
phages were detected with an anti-M13 antibody using flow cytometry. Overlaid 
images of the data with or without ABC are also displayed. (b) HLA-B*57 : 01- or 
lacZ-introduced HeLa cells cultured with ABC (100 µM, solid lines) or without 
ABC (dotted lines) for 24 h were incubated with anti-HLA A, B, C antibody 
(W6/32) (HLA-A,B,C) or anti-B17 antibody (0196HA) (HLA-B17), and the bind-
ing antibody was then detected using flow cytometry. Overlaid images of the data 
with or without ABC are also displayed. (Color figure can be accessed in the online 
version.)

Table 2. Phage Antibodies Concentrated by Affinity Panning METHOD-2 Using Drug-Free HLA-B*57 : 01

Frequency (%)
CDR1 CDR2 CDR3Trial 1  

N = 24
Trial 2  
N = 40

#1 46 5 DKFNHYIMG AITDAG GPHDLGTKDSGSSTQFTY
#2 4 8 YKVIHYIMG AIYDPS GRVGNDSQIKY
#3 0 5 FKVTDYDMG AIYGRD TPTPDPEEFEY
#4 0 10 FRVNHKTMS SIANRG SKNSHAKALKS

Others 50 73
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of affinity panning processes consisting of these two steps 
was defined as METHOD-2. Consequently, by repeating the 
METHOD-2 cycle three–four times, we were able to concen-
trate the same two phage clones #1 and #2 (Table 2).

Since we deduced that the same or similar phage anti-
bodies could be concentrated from the affinity panning 
cycles when using either HLA-B*57 : 03 or HLA-B*57 : 01, 
affinity panning METHOD-1 and METHOD-2 was conducted 
using HLA-B*57 : 03. As a result, phage clone #1 was con-
centrated in all tests performed with good reproducibility, 
while clone #2 was concentrated by METHOD-1 and after 
the second trial of METHOD-2 (Table 3). In addition, two 
further phage clones were concentrated from at least two 
affinity panning trials; clone #3 and clone #4. The binding 
affinity of these phage antibodies to HeLa cells expressing 

HLA-B*57 : 01 or HLA-B*57 : 03 was evaluated by flow cy-
tometry (Fig. 3). Phage antibody #3 bound to the “structur-
ally modified HLA-B*57 : 01,” while affinity to the “drug-free 
HLA-B*57 : 01” was weak. This phage clone also bound to 
HLA-B*57 : 03, regardless of exposure to abacavir. Conversely, 
phage antibody #4 could not bind to HLA-B*57 : 01 or 03, 
regardless of abacavir exposure, indicating that this antibody 
might be concentrated non-specifically from the repeated af-
finity panning cycles.

Binding Characteristics of Phage Antibodies with 
Specificity for HLA-B Complexes  As described above, 
repeated affinity panning using HLA-B57 allotypes resulted 
in very similar phage antibodies (Tables 2, 3). Therefore, we 
predicted that other phage antibodies would be concentrated 
when using other HLA-B allotypes. For example, phage anti-

Table 3. Phage Antibodies Concentrated by Affinity Panning METHOD-1 and METHOD-2 Using HLA-B*57 : 03

Frequency (%)

CDR1 CDR2 CDR3Method 1 Method 2

N = 20 Trial 1  
N = 24

Trial 2  
N = 48

#1 15 8 10 DKFNHYIMG AITDAG GPHDLGTKDSGSSTQFTY
#2 20 0 17 YKVIHYIMG AIYDPS GRVGNDSQIKY
#3 20 4 10 FKVTDYDMG AIYGRD TPTPDPEEFEY
#4 5 0 8 FRVNHKTMS SIANRG SKNSHAKALKS

Others 40 88 54

Fig. 3. Simplifying the Selection Method to Concentrate Phage Anti-
bodies That Can Discriminate Structurally Altered HLA-B*57 : 01 by 
Abacavir

HLA-B*57 : 01-, HLA-B*57 : 03- or lacZ-introduced HeLa cells cultured with 
abacavir (ABC, 100 µM, solid lines) or without ABC (dotted lines) for 24 h were 
incubated with phage antibodies (#1 to #4 that we selected). Binding phages were 
detected with an anti-M13 antibody using flow cytometry. Overlaid images of the 
data with or without ABC are also displayed. (Color figure can be accessed in the 
online version.)

Table 4. Phage Antibodies Concentrated by Affinity Panning METHOD-2 Using HLA-B*15:01/02

Frequency (%)
CDR1 CDR2 CDR3B*15:01  

N = 44
B*15:02  
N = 42

#1 7 5 DKFNHYIMG AITDAG GPHDLGTKDSGSSTQFTY
#2 0 2 YKVIHYIMG AIYDPS GRVGNDSQIKY
#3 45 55 FKVTDYDMG AIYGRD TPTPDPEEFEY
#4 0 0 FRVNHKTMS SIANRG SKNSHAKALKS

Others 48 38

Fig. 4. Binding Characteristics of Phage Antibodies Able to Recognize 
HLA-B Complexes

HLA-B- or lacZ-introduced HeLa cells were incubated with phage antibodies (#1 
to #4). Binding phages were detected with an anti-M13 antibody using flow cytom-
etry. (Color figure can be accessed in the online version.)
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bodies with binding potential to HLA-B*15:02, an allotype 
related to carbamazepine-induced SJS/TEN, were selected by 
repeating the affinity panning METHOD-2. After repeating 
the METHOD-2 cycle using HLA-B*15:01- or HLA-B*15:02-
immobilized beads three–four times, phage clones #1, #2, and 
#3, which were concentrated when using HLA-B57, were also 
concentrated (Table 4). Thus, we evaluated the binding affinity 
of these phage antibodies to multiple HLA-B allotypes by flow 
cytometry to investigate how broadly they could recognize 
HLA-B allotypes. The results showed that these three phage 
clones only bound HLA-B57 and HLA-B15, but could not rec-
ognize HLA-B27 or HLA-B35 (Fig. 4). These findings suggest 
that the concentrated phage clones have some cross-reactivity 
among multiple HLA-B allotypes.

Identifying Regions in HLA-B57 and HLA-B15 Cru-
cial for Binding the Selected Phage Antibodies  Based 
on the observations that selected phage antibodies targeted 
to HLA-B57 allotypes were able to bind HLA-B15 allotypes 
(Fig. 4), we speculated the existence of common regions 

and structures in HLA molecules important for binding to 
these phage antibodies among these allotypes. Therefore, we 
compared the amino acid sequences of several HLA-B heavy 
chains, and identified two unique amino acids (Met45 and 
Ala46) that exist only in HLA-B57 and HLA-B15 (Fig. 5). To 
evaluate whether these amino acids were crucial for binding 
of the selected phage antibodies, we examined their affin-
ity to artificially mutated HLA-B complexes with Met45Thr 
and Ala46Glu. We found that substituting these two amino 
acids prevented the binding of phage antibodies to HLA-B57 
and HLA-B15 (Fig. 6). Conversely, the phage clones #1, #2, 
and #3 acquired binding potential to the artificially mutated 
HLA-B27 and HLA-B35 following the introduction of Met45 
and Ala46 in the heavy chain region (Fig. 6). These findings 
indicated that Met45 and Ala46 in HLA-B57 and HLA-B15 
are crucial for the binding of the selected phage antibodies. 
Mutagenesis of these two residues may have induced partial 
structural alteration of HLA-B*57 : 01, resulting in preventing 
the recognition of selected phage antibodies.

Identifying Novel Structural Alterations of 
HLA-B*57 : 01 Induced by Abacavir  The presence of 
Met45 and Ala46 of HLA-B heavy chains within the peptide 
binding groove of HLA-B complexes26) (Fig. 7a) suggested 
that the selected antibodies could not bind to HLA-B if a pep-
tide is normally presented on the HLA complex. Therefore, 
we speculated that these phage antibodies might recognize 
peptide-deficient HLA-B57 and HLA-B15, which do not pres-
ent any antigen peptide on these HLA complexes. To confirm 
this, we used acidification to elute any components within the 
peptide binding groove in the HLA-B*57 : 01 complexes, and 
then exposed the selected antibodies to the HLA complexes. 
Consequently, the binding affinity of these antibodies to the 
HLA complexes was substantially increased (Fig. 7b), imply-
ing that the selected antibodies recognized peptide-deficient 
HLA-B*57 : 01.

As described, the selected phage antibodies bound strongly 
to HLA-B*57 : 01 following exposure to abacavir (Fig. 2a). 
Since these phage antibodies recognize peptide-deficient 
HLA-B*57 : 01, we hypothesized that abacavir exposure in-
creased the expression of peptide-deficient HLA-B*57 : 01 
on HeLa cells. To evaluate the amount of peptide-deficient 

Fig. 5. Sequence Alignments of HLA-B*57 : 01 with Other HLA-B Subtypes
Sequence alignments of HLA-B*57 : 01 (1–120 amino acids) with HLA-B*57 : 03, HLA-B*15:01, HLA-B*15:02, HLA-B*27 : 05, HLA-B*27 : 09, HLA-B*35 : 01, and 

HLA-B*35 : 05 are displayed, respectively. (Color figure can be accessed in the online version.)

Fig. 6. Identification of Crucial Regions in HLA-B57 and HLA-B15 for 
Binding to Selected Phage Antibodies

Each HLA-B (Normal), artificially mutated HLA-B (Mutant), or lacZ-introduced 
HeLa cells cultured with abacavir (ABC, 100 µM) or without ABC for 24 h were 
incubated with phage antibodies (#1 to #3). Binding phages were detected with an 
anti-M13 antibody using flow cytometry. The cells were also incubated with anti-
HLA A,B,C antibody (W6/32) (HLA-A,B,C). (Color figure can be accessed in the 
online version.)
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HLA-B*57 : 01, we used a commercially available anti-HLA 
class I heavy chain antibody (HC10) that only detects peptide-
deficient forms of HLA class I.27) Consequently, the binding 
capacity of HC10 to HeLa cells expressing HLA-B*57 : 01 was 
enhanced following exposure to abacavir (Fig. 7c). In the case 
of HLA-B*57 : 03, the HC10 signal was not enhanced upon ex-
posure to abacavir (Fig. 7c). A series of experiments revealed 
that a novel unpredicted structural change in HLA-B*57 : 01 
could be detected by phage display technology, and expo-
sure to abacavir increased the expression of peptide-deficient 
HLA-B*57 : 01.

DISCUSSION

In this study, we selected phage antibodies with the ability 
to bind to HLA-B*57 : 01, and demonstrated that the binding 
affinity of these antibodies to HLA-B*57 : 01 was affected by 
exposure to abacavir. Previous reports have indicated that 
abacavir can interact directly with the HLA-B*57 : 01 mol-
ecule, resulting in modification of the antigen peptide reper-
toire on HLA-B*57 : 01 molecules.12,13) Although the modified 
peptide-presenting HLA-B*57 : 01 is recognized by specific T 
cells and can induce the hypersensitivity syndrome, the phage 
antibodies selected in our study recognized peptide-deficient 
HLA-B*57 : 01, and its expression was increased following 
exposure to abacavir (Figs. 7b, c). Since the existence of 
peptide-deficient HLA-B*57 : 01 has not been reported, it is 
unclear why expression was enhanced in response to abacavir 
exposure. One hypothesis is that intracellular HLA-B*57 : 01 
binds to abacavir and bypasses an HLA quality control sys-
tem in the endoplasmic reticulum (ER). In general, HLA 

class I molecules are assembled with antigen peptides in the 
ER, and peptide-deficient HLA class I molecules tend to be 
retained in the ER by the quality control system.28) However, 
several peptide-deficient HLA class I allotypes are able to 
bypass this system.29) For example, HLA-B*57 : 03 can by-
pass this system more readily than HLA-B*57 : 01; only two 
amino acids at the F pocket region differ between these two 
HLA allotypes. This suggests that the F pocket structure af-
fects the HLA complex, allowing the quality control system 
to be bypassed. In addition, abacavir binds to the F pocket of 
HLA-B*57 : 01.12) Collectively, these data suggest that abaca-
vir-bound HLA-B*57 : 01 may bypass the ER quality control 
system because of the interaction between the F pocket and 
abacavir, and be expressed in a peptide-deficient form.

Several reports indicate that peptide-deficient HLA relates 
to the onset of autoimmune disease.30–32) For example, a pep-
tide-deficient form of HLA-B27, which is strongly associated 
with ankylosing spondylitis, is expressed on the cell surface.32) 
Here, one hypothesis proposes that ankylosing spondylitis 
results from immune recognition of the abnormal peptide-
deficient HLA-B27 molecule. Therefore, peptide-deficient 
HLA-B*57 : 01 may affect the onset of abacavir hypersensi-
tivity syndrome. Another possible effect of peptide-deficient 
HLA-B*57 : 01 is supporting the interaction between the 
altered peptide-presenting HLA-B*57 : 01 and specific TCR. 
A recent study showed that peptide-deficient HLA-B*35 : 01 
interacted with various CD8+ T cells via CD8-dependent 
binding, without recognition by TCR.33) This indicates that 
peptide-deficient HLA class I nonspecifically promotes the 
interaction between antigen presenting cells and CD8+ T cells. 
Considering that abacavir-exposed HLA-B*57 : 01-positive 
cells express both peptide-deficient and altered peptide-pre-
senting HLA-B*57 : 01, peptide-deficient HLA-B*57 : 01 may 
interact with various CD8+ T cells, resulting in the altered-
peptide presenting HLA-B*57 : 01 being easily recognized by 
specific T cells.

Using phage display, we identified unpredicted structural 
changes in HLA-B*57 : 01, indicating that this method is use-
ful for evaluating unknown structural changes in HLA com-
plexes. Recently, several approaches have been developed to 
predict drug-mediated immunogenicity. One such approach 
is in silico docking simulation, which is used to evaluate 
the binding affinity between compounds and HLA mol-
ecules.11,16,17) This approach can evaluate the risk of structural 
alterations in HLA complexes in a low cost and timely man-
ner. However, it remains unclear whether static in silico dock-
ing simulation can reproduce drug-mediated dynamic confor-
mational alterations in HLA complexes. Another approach is 
the priming of human naïve T-cells to drugs using cells from 
HLA-typed healthy volunteers.34) Using this approach, it is 
possible to determine whether a compound can activate T 
cells derived from humans possessing specific HLA-allotypes. 
However, this approach does not determine how drugs induce 
immunogenicity at the molecular level. Presently, it remains 
difficult to evaluate structural changes in HLA complexes di-
rectly under in vitro condition.

In this study, we developed a phage display approach that 
was able to evaluate abacavir-mediated structural changes 
on the cell surface of HLA-B*57 : 01. This approach may 
enable researchers to detect structural changes in HLA com-
plexes and to evaluate the risk of hypersensitivity, regardless 

Fig. 7. Identifying Novel Structural Changes in HLA-B*57 : 01 Induced 
by Abacavir

(a) The peptide binding groove of HLA-B*57 : 01 complex (PDB: 3VRI) is 
displayed. An antigen peptide (yellow) binds to HLA-B*57 : 01 heavy chain 
(blue). The molecular structure was drawn by chem3D (Pro 16.0) software. (b) 
HLA-B*57 : 01- or lacZ-introduced HeLa cells were treated with 0.1 M glycine–HCl 
(pH 3.0, acidification). The cells were incubated with phage antibody #1, and then 
the binding phages were detected with an anti-M13 antibody using flow cytometry. 
(c) HLA-B*57 : 01-, HLA-B*57 : 03-, or lacZ-introduced HeLa cells cultured with 
abacavir (ABC, 100 µM, solid lines) or without ABC (dotted lines) were incubated 
with anti-HLA class I heavy chain antibody (HC10) or anti-HLA A,B,C antibody 
(W6/32) (HLA-A,B,C). Then, the binding antibody was detected using flow cytom-
etry. (Color figure can be accessed in the online version.)
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of the underlying mechanism. In addition, to select specific 
phage antibodies that recognize drug-mediated changes in 
the structure of HLA, the use of HLA complexes exposed to 
individual drugs is not needed at the affinity panning cycles. 
This is because the selected phage antibodies, which recog-
nize drug-free HLA-B*57 : 01, could detect structural changes 
in HLA-B*57 : 01 induced by abacavir. Therefore, to evaluate 
the risk of drug-induced hypersensitivity, phage antibodies 
that recognize drug-free HLA should be selected, and then 
the interaction between the selected antibodies and the HLA 
complexes should be evaluated with or without drugs. If the 
drugs alter the binding affinity, they should induce structural 
changes in HLA, with potential to induce immune activation. 
In addition, three out of four selected phage antibody clones 
can evaluate the structural alteration of HLA-B*57 : 01 in our 
experiment. Therefore, to evaluate structural alteration of an 
HLA allotype, experimenting several phage antibody clones 
might be essential.

There are currently 26512 HLA and related allotypes in-
cluded in the IPD-IMGT/HLA Database (http://www.ebi.
ac.uk/ipd/imgt/hla/). However, for example, when focusing 
on HLA-B allotypes in Japanese population, only 25 HLA-B 
allotypes cover 96% of Japanese allele frequency (The Allele 
Frequency Net Database, http://www.allelefrequencies.net/). 
Evaluating structural alteration of major HLA allotypes may 
provide a hint to reduce an onset of drug-induced hypersen-
sitivity in Japanese population. We believe that the phage dis-
play approach may be used for predicting HLA-related drug 
hypersensitivity reactions in pre-clinical studies.

Acknowledgments This work was supported by a Grant-
in-Aid for Young Scientists (B) (16K18932) and Grant-in-Aid 
for Scientific Research (B) (15H04661 and 19H03386) from 
the Japan Society for the Promotion of Science. The authors 
thank the Mochida Memorial Foundation for Medical and 
Pharmaceutical Research, and the Takeda Science Foundation. 
The authors also express their gratitude to the open innovation 
TaNeDS program in Daiichi Sankyo Co., Ltd.

Conflict of Interest The authors declare no conflict of 
interest.

REFERENCES

 1) Pan RY, Dao RL, Hung SI, Chung WH. Pharmacogenomic advanc-
es in the prediction and prevention of cutaneous idiosyncratic drug 
reactions. Clin. Pharmacol. Ther., 102, 86–97 (2017).

 2) Usui T, Naisbitt DJ. Human leukocyte antigen and idiosyncratic 
adverse drug reactions. Drug Metab. Pharmacokinet., 32, 21–30 
(2017).

 3) Pavlos R, Mallal S, Phillips E. HLA and pharmacogenetics of drug 
hypersensitivity. Pharmacogenomics, 13, 1285–1306 (2012).

 4) Saag M, Balu R, Phillips E, Brachman P, Martorell C, Burman 
W, Stancil B, Mosteller M, Brothers C, Wannamaker P, Hughes 
A, Sutherland-Phillips D, Mallal S, Shaefer M. High sensitivity of 
human leukocyte antigen-b*5701 as a marker for immunologically 
confirmed abacavir hypersensitivity in white and black patients. 
Clin. Infect. Dis., 46, 1111–1118 (2008).

 5) Chung W-H, Hung S-I, Hong H-S, Hsih M-S, Yang L-C, Ho H-C, 
Wu J-Y, Chen Y-T. Medical genetics: a marker for Stevens–Johnson 
syndrome. Nature, 428, 486 (2004).

 6) Genin E, Chen DP, Hung SI, Sekula P, Schumacher M, Chang PY, 

Tsai SH, Wu TL, Bellon T, Tamouza R, Fortier C, Toubert A, Char-
ron D, Hovnanian A, Wolkenstein P, Chung WH, Mockenhaupt M, 
Roujeau JC. HLA-A*31 : 01 and different types of carbamazepine-
induced severe cutaneous adverse reactions: an international study 
and meta-analysis. Pharmacogenomics J., 14, 281–288 (2014).

 7) Génin E, Schumacher M, Roujeau J-C, Naldi L, Liss Y, Kazma R, 
Sekula P, Hovnanian A, Mockenhaupt M. Genome-wide association 
study of Stevens–Johnson syndrome and toxic epidermal necrolysis 
in Europe. Orphanet J. Rare Dis., 6, 52 (2011).

 8) Mallal S, Phillips E, Carosi G, Molina J-M, Workman C, Tomažič 
J, Jägel-Guedes E, Rugina S, Kozyrev O, Cid JF, Hay P, Nolan D, 
Hughes S, Hughes A, Ryan S, Fitch N, Thorborn D, Benbow A. 
HLA-B*5701 Screening for Hypersensitivity to Abacavir. N. Engl. 
J. Med., 358, 568–579 (2008).

 9) Peiser M, Tralau T, Heidler J, et al. Allergic contact dermatitis: epi-
demiology, molecular mechanisms, in vitro methods and regulatory 
aspects. Current knowledge assembled at an international workshop 
at BfR, Germany. Cell. Mol. Life Sci., 69, 763–781 (2012).

10) Pichler WJ, Beeler A, Keller M, Lerch M, Posadas S, Schmid D, 
Spanou Z, Zawodniak A, Gerber B. Pharmacological interaction 
of drugs with immune receptors: the p-i concept. Allergol. Int., 55, 
17–25 (2006).

11) Wei CY, Chung WH, Huang HW, Chen YT, Hung SI. Direct in-
teraction between HLA-B and carbamazepine activates T cells in 
patients with Stevens–Johnson syndrome. J. Allergy Clin. Immunol., 
129, 1562–1569.e5 (2012).

12) Illing PT, Vivian JP, Dudek NL, Kostenko L, Chen Z, Bharadwaj 
M, Miles JJ, Kjer-Nielsen L, Gras S, Williamson NA, Burrows 
SR, Purcell AW, Rossjohn J, McCluskey J. Immune self-reactivity 
triggered by drug-modified HLA-peptide repertoire. Nature, 486, 
554–558 (2012).

13) Ostrov DA, Grant BJ, Pompeu YA, et al. Drug hypersensitivity 
caused by alteration of the MHC-presented self-peptide repertoire. 
Proc. Natl. Acad. Sci. U.S.A., 109, 9959–9964 (2012).

14) Adam J, Wuillemin N, Watkins S, Jamin H, Eriksson KK, Villiger 
P, Fontana S, Pichler WJ, Yerly D. Abacavir induced T cell reac-
tivity from drug naïve individuals shares features of allo-immune 
responses. PLOS ONE, 9, e95339 (2014).

15) Wei C-y. The HLA library for drug screening in preventing severe 
drug hypersensitivity. Clin. Transl. Allergy, 4 (Suppl. 3), P51 (2014).

16) Van Den Driessche G, Fourches D. Adverse drug reactions trig-
gered by the common HLA-B*57 : 01 variant: a molecular docking 
study. J. Cheminform., 9, 13 (2017).

17) Yun J, Marcaida MJ, Eriksson KK, Jamin H, Fontana S, Pichler 
WJ, Yerly D. Oxypurinol directly and immediately activates the 
drug-specific T cells via the preferential use of HLA-B*58 : 01. J. 
Immunol., 192, 2984–2993 (2014).

18) Ledsgaard L, Kilstrup M, Karatt-Vellatt A, McCafferty J, Laustsen 
AH. Basics of antibody phage display technology. Toxins, 10, 236 
(2018).

19) Zhao Q, Ahmed M, Tassev DV, Hasan A, Kuo TY, Guo HF, 
O’Reilly RJ, Cheung NK. Affinity maturation of T-cell receptor-like 
antibodies for Wilms tumor 1 peptide greatly enhances therapeutic 
potential. Leukemia, 29, 2238–2247 (2015).

20) Ahmed M, Lopez-Albaitero A, Pankov D, Santich BH, Liu H, Yan 
S, Xiang J, Wang P, Hasan AN, Selvakumar A, O’Reilly RJ, Liu 
C, Cheung NV. TCR-mimic bispecific antibodies targeting LMP2A 
show potent activity against EBV malignancies. JCI Insight, 3, 
e97805 (2018).

21) Susukida T, Aoki S, Kogo K, Fujimori S, Song B, Liu C, Sekine S, 
Ito K. Evaluation of immune-mediated idiosyncratic drug toxicity 
using chimeric HLA transgenic mice. Arch. Toxicol., 92, 1177–1188 
(2018).

22) Lee CM, Iorno N, Sierro F, Christ D. Selection of human antibody 
fragments by phage display. Nat. Protoc., 2, 3001–3008 (2007).

23) Chessman D, Kostenko L, Lethborg T, Purcell AW, Williamson 

http://dx.doi.org/10.1002/cpt.683
http://dx.doi.org/10.1002/cpt.683
http://dx.doi.org/10.1002/cpt.683
http://dx.doi.org/10.1016/j.dmpk.2016.11.003
http://dx.doi.org/10.1016/j.dmpk.2016.11.003
http://dx.doi.org/10.1016/j.dmpk.2016.11.003
http://dx.doi.org/10.2217/pgs.12.108
http://dx.doi.org/10.2217/pgs.12.108
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1086/529382
http://dx.doi.org/10.1038/428486a
http://dx.doi.org/10.1038/428486a
http://dx.doi.org/10.1038/428486a
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1038/tpj.2013.40
http://dx.doi.org/10.1186/1750-1172-6-52
http://dx.doi.org/10.1186/1750-1172-6-52
http://dx.doi.org/10.1186/1750-1172-6-52
http://dx.doi.org/10.1186/1750-1172-6-52
http://dx.doi.org/10.1056/NEJMoa0706135
http://dx.doi.org/10.1056/NEJMoa0706135
http://dx.doi.org/10.1056/NEJMoa0706135
http://dx.doi.org/10.1056/NEJMoa0706135
http://dx.doi.org/10.1056/NEJMoa0706135
http://dx.doi.org/10.1007/s00018-011-0846-8
http://dx.doi.org/10.1007/s00018-011-0846-8
http://dx.doi.org/10.1007/s00018-011-0846-8
http://dx.doi.org/10.1007/s00018-011-0846-8
http://dx.doi.org/10.2332/allergolint.55.17
http://dx.doi.org/10.2332/allergolint.55.17
http://dx.doi.org/10.2332/allergolint.55.17
http://dx.doi.org/10.2332/allergolint.55.17
http://dx.doi.org/10.1016/j.jaci.2011.12.990
http://dx.doi.org/10.1016/j.jaci.2011.12.990
http://dx.doi.org/10.1016/j.jaci.2011.12.990
http://dx.doi.org/10.1016/j.jaci.2011.12.990
http://dx.doi.org/10.1038/nature11147
http://dx.doi.org/10.1038/nature11147
http://dx.doi.org/10.1038/nature11147
http://dx.doi.org/10.1038/nature11147
http://dx.doi.org/10.1038/nature11147
http://dx.doi.org/10.1073/pnas.1207934109
http://dx.doi.org/10.1073/pnas.1207934109
http://dx.doi.org/10.1073/pnas.1207934109
http://dx.doi.org/10.1371/journal.pone.0095339
http://dx.doi.org/10.1371/journal.pone.0095339
http://dx.doi.org/10.1371/journal.pone.0095339
http://dx.doi.org/10.1371/journal.pone.0095339
http://dx.doi.org/10.1186/2045-7022-4-S3-P51
http://dx.doi.org/10.1186/2045-7022-4-S3-P51
http://dx.doi.org/10.1186/s13321-017-0202-6
http://dx.doi.org/10.1186/s13321-017-0202-6
http://dx.doi.org/10.1186/s13321-017-0202-6
http://dx.doi.org/10.4049/jimmunol.1302306
http://dx.doi.org/10.4049/jimmunol.1302306
http://dx.doi.org/10.4049/jimmunol.1302306
http://dx.doi.org/10.4049/jimmunol.1302306
http://dx.doi.org/10.3390/toxins10060236
http://dx.doi.org/10.3390/toxins10060236
http://dx.doi.org/10.3390/toxins10060236
http://dx.doi.org/10.1038/leu.2015.125
http://dx.doi.org/10.1038/leu.2015.125
http://dx.doi.org/10.1038/leu.2015.125
http://dx.doi.org/10.1038/leu.2015.125
http://dx.doi.org/10.1172/jci.insight.97805
http://dx.doi.org/10.1172/jci.insight.97805
http://dx.doi.org/10.1172/jci.insight.97805
http://dx.doi.org/10.1172/jci.insight.97805
http://dx.doi.org/10.1172/jci.insight.97805
http://dx.doi.org/10.1007/s00204-017-2112-9
http://dx.doi.org/10.1007/s00204-017-2112-9
http://dx.doi.org/10.1007/s00204-017-2112-9
http://dx.doi.org/10.1007/s00204-017-2112-9
http://dx.doi.org/10.1038/nprot.2007.448
http://dx.doi.org/10.1038/nprot.2007.448
http://dx.doi.org/10.1016/j.immuni.2008.04.020


Vol. 43, No. 6 (2020) 1015Biol. Pharm. Bull.

NA, Chen Z, Kjer-Nielsen L, Mifsud NA, Tait BD, Holdsworth R, 
Almeida CA, Nolan D, Macdonald WA, Archbold JK, Kellerher 
AD, Marriott D, Mallal S, Bharadwaj M, Rossjohn J, McCluskey 
J. Human leukocyte antigen class I-restricted activation of CD8+ T 
cells provides the immunogenetic basis of a systemic drug hyper-
sensitivity. Immunity, 28, 822–832 (2008).

24) Tanabe M, Sekimata M, Ferrone S, Takiguchi M. Structural and 
functional analysis of monomorphic determinants recognized by 
monoclonal antibodies reacting with the HLA class I alpha 3 do-
main. J. Immunol., 148, 3202–3209 (1992).

25) Stevens R, Coates E, Street J, Cook E, Darke C. Comprehensive 
evaluation of two HLA-B17 monoclonal antibodies for flow cytom-
etry-based HLA-B57/B58 screening prior to abacavir prescription. 
Int. J. Immunogenet., 40, 311–315 (2013).

26) Zhang Y, Mei H, Wang Q, Xie J, Lv J, Pan X, Tan W. Peptide bind-
ing specificities of HLA-B*5701 and B*5801. Sci. China Life Sci., 
55, 818–825 (2012).

27) Stam NJ, Vroom TM, Peters PJ, Pastoors EB, Ploegh HL. HLA-A- 
and HLA-B-specific monoclonal antibodies reactive with free heavy 
chains in western blots, in formalin-fixed, paraffin-embedded tissue 
sections and in cryo-immuno-electron microscopy. Int. Immunol., 2, 
113–125 (1990).

28) Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. 
Annu. Rev. Immunol., 31, 443–473 (2013).

29) Geng J, Zaitouna AJ, Raghavan M. Selected HLA-B allotypes are 
resistant to inhibition or deficiency of the transporter associated 
with antigen processing (TAP). PLOS Pathog., 14, e1007171 (2018).

30) Tsai WC, Chen CJ, Yen JH, Ou TT, Tsai JJ, Liu CS, Liu HW. Free 
HLA class I heavy chain-carrying monocytes—a potential role 
in the pathogenesis of spondyloarthropathies. J. Rheumatol., 29, 
966–972 (2002).

31) Raine T, Brown D, Bowness P, Hill Gaston JS, Moffett A, Trows-
dale J, Allen RL. Consistent patterns of expression of HLA class 
I free heavy chains in healthy individuals and raised expression in 
spondyloarthropathy patients point to physiological and pathological 
roles. Rheumatology (Oxford), 45, 1338–1344 (2006).

32) McHugh K, Rysnik O, Kollnberger S, Shaw J, Utriainen L, Al-Mos-
sawi MH, Payeli S, Belaunzaran OM, Milling S, Renner C, Bow-
ness P. Expression of aberrant HLA-B27 molecules is dependent 
on B27 dosage and peptide supply. Ann. Rheum. Dis., 73, 763–770 
(2014).

33) Geng J, Altman JD, Krishnakumar S, Raghavan M. Empty con-
formers of HLA-B preferentially bind CD8 and regulate CD8+ T 
cell function. eLife, 7, e36341 (2018).

34) Faulkner L, Martinsson K, Santoyo-Castelazo A, Cederbrant K, 
Schuppe-Koistinen I, Powell H, Tugwood J, Naisbitt DJ, Park BK. 
The development of in vitro culture methods to characterize pri-
mary T-cell responses to drugs. Toxicol. Sci., 127, 150–158 (2012).

http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1016/j.immuni.2008.04.020
http://dx.doi.org/10.1111/iji.12025
http://dx.doi.org/10.1111/iji.12025
http://dx.doi.org/10.1111/iji.12025
http://dx.doi.org/10.1111/iji.12025
http://dx.doi.org/10.1007/s11427-012-4374-z
http://dx.doi.org/10.1007/s11427-012-4374-z
http://dx.doi.org/10.1007/s11427-012-4374-z
http://dx.doi.org/10.1093/intimm/2.2.113
http://dx.doi.org/10.1093/intimm/2.2.113
http://dx.doi.org/10.1093/intimm/2.2.113
http://dx.doi.org/10.1093/intimm/2.2.113
http://dx.doi.org/10.1093/intimm/2.2.113
http://dx.doi.org/10.1146/annurev-immunol-032712-095910
http://dx.doi.org/10.1146/annurev-immunol-032712-095910
http://dx.doi.org/10.1371/journal.ppat.1007171
http://dx.doi.org/10.1371/journal.ppat.1007171
http://dx.doi.org/10.1371/journal.ppat.1007171
http://dx.doi.org/10.1093/rheumatology/kel305
http://dx.doi.org/10.1093/rheumatology/kel305
http://dx.doi.org/10.1093/rheumatology/kel305
http://dx.doi.org/10.1093/rheumatology/kel305
http://dx.doi.org/10.1093/rheumatology/kel305
http://dx.doi.org/10.1136/annrheumdis-2012-203080
http://dx.doi.org/10.1136/annrheumdis-2012-203080
http://dx.doi.org/10.1136/annrheumdis-2012-203080
http://dx.doi.org/10.1136/annrheumdis-2012-203080
http://dx.doi.org/10.1136/annrheumdis-2012-203080
http://dx.doi.org/10.7554/eLife.36341
http://dx.doi.org/10.7554/eLife.36341
http://dx.doi.org/10.7554/eLife.36341
http://dx.doi.org/10.1093/toxsci/kfs080
http://dx.doi.org/10.1093/toxsci/kfs080
http://dx.doi.org/10.1093/toxsci/kfs080
http://dx.doi.org/10.1093/toxsci/kfs080

