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Abstract
Specificity analyses of peptide binding to human leukocyte antigen (HLA)-A molecules have been hampered due to a lack of
proper monoclonal antibodies (mAbs) for certain allomorphs, such as the prevalent HLA-A1 for Caucasians and HLA-A11 for
Asians. We developed a mAb that recognizes a conformational epitope common to most HLA-A allomorphs. The mAb, named
A-1, does not discriminate peptides by amino acid sequences, making it suitable for measuring peptide binding. A stabilization
assay using TAP-deficient cell lines and A-1 was developed to investigate the specificity of peptide binding to HLA-Amolecules.
Regarding the evolution of HLA-A genes, the A-1 epitope has been conserved among most HLA-A allomorphs but was lost
when the HLA-A gene diversified into the HLA-A*32, HLA-A*31, and HLA-A*33 lineages together with HLA-A*29 after
bifurcating from the HLA-A*25 and HLA-A*26 branchs. The establishment of A-1 is expected to help researchers investigate
the peptide repertoire and develop computational tools to identify cognate peptides. Since no HLA-A locus-specific mAb has
been available, A-1 will also be useful for analyzing the locus-specific regulation of the HLA gene expression.
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Abbreviations
HLA Human leukocyte antigen
PBMC Peripheral blood mononuclear cell

Introduction

The analysis and prediction of human leukocyte antigen
(HLA)–binding peptides rely largely on the availability of
monoclonal antibodies (mAbs) that recognize conformational
epitopes of HLA molecules with bound peptides. However,
mAbs suitable for peptide-binding assays are not always avail-
able, even for prevalent HLA allomorphs, such as HLA-A1
and A11. Furthermore, for the analysis of peptide binding,
mAbs that do not discriminate bound peptides are ideal. A
number of HLA class I-specific mAbs have been reported to
exhibit varied reactivity depending on the peptides bound,
such as MA2.1 (Barouch et al. 1995). Differing reactivities
to the inter-species complexes of MHC class I molecules as-
sociatedwithβ2-microglobulin (β2m) of different species has
also been observed (Kahn-Perles et al. 1987; Kievits and
Ivanyi 1987). There are several mAbs that recognize HLA
class I molecules, irrespective of the loci and differences in
the bound peptides. One such mAb, W6/32, even cross-reacts
with the major histocompatibility complex (MHC) molecules
of non-human species (Brodsky and Parham 1982a), such as
mouse Db molecules at the α2 domain (Ivanyi and Van de
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Meugheuvel 1984; Maziarz et al. 1986). When we tried to
establish an assay system to analyze HLA-A11 binding pep-
tides, we realized that the reactivity of the only available mAb
for A11 molecules (A11.1M) varies from peptide to peptide,
making it not suitable for general peptide-binding assays.

Therefore, we sought to develop a mAb that is suitable for a
flow cytometry-based stabilization assay with peptides, using
transporter associatedwith antigen processing (TAP)-deficient
cell lines (Udaka et al. 2000). One of the mAbs obtained
showed reactivity to most of the HLA-A allomorphs in a
peptide-bound conformation. Furthermore, reactivity of the
mAb A-1 was found not to be affected by the amino acid
sequences of the bound peptides, making it useful for measur-
ing peptide binding. Since HLA-A locus-specific mAbs have
not been described before, this mAb is also expected to serve
as a useful reagent for studying the locus-specific regulation of
the HLA class I expression.

Materials and methods

Cells

C1R, a kind gift fromDr. P. Parham, is a γ-irradiation-induced
mutant cell line of Hmy2 with no expression of HLA-A2, a
very low expression of HLA-B35, and a normal expression of
HLA-C4 molecules (Zemmour et al. 1992). KU is a
lymphoblastoid cell line established at Kochi University by
infecting peripheral blood mononuclear cells (PBMCs) with
Epstein-Barr virus (EBV).

The cell lines used to test the reactivity of mAbs are listed
in Table 1. The EBV-transformed lymphoblastoid cell lines
HEV0400 and HEV0012 (Iwakawa et al. 2005) were obtained
fromRIKENBioResource Center (Tsukuba, Japan), and other
cell lines were obtained from ATCC (Manassas, VA, USA) or
ECACC (Salisbury, UK). The C1R-A24, C1R-B35, and C1R-
B51 cells were generous gifts from Dr. M. Takiguchi at
Kumamoto University. The LKT3 cells were a gift from Dr.
N. Kashiwagi at Kitasato University. The genotype of PC-3
cells has been reported to be A1 and A9 (ATCC) or A*01:01
and A*24:02 (Carlsson et al. 2007). Thus, the genotype of
HLA-A for PC-3 cells was determined in this study by se-
quencing and found to be homozygous A*01:01:01:01 (by
super-high-resolution single-molecule sequence-based typing
[SS-SBT]; GenoDive Pharma Inc., Kanagawa, Japan). The
generation of TAP-deficient C.A11Td and C.A24Td cell lines
using the Crispr/Cas9 system will be described in detail else-
where. In brief, the CRISPR target sequence for human TAP2,
TGGTGGACGCGGCTTTACTGTGG (the 3′-end TGG is
PAM), was inserted into the BpiI site of the PX458 plasmid
(pSpCas9(BB)-2A-GFP, Addgene #48138) (Ran et al. 2013).
The resultant PX458-hTAP2-1 was transfected into C1R-
A*11:01 or C1R-A*24:02 using Lipofectamine 2000 (Life

Technologies, Carlsbad, CA, USA). Two days later, GFP-
positive cells were isolated by sorting (Aria II, BD
Biosciences, San Jose, CA, USA). The cells were then cul-
tured for two more weeks, and TAP-deficient cells with a low
expression of HLA-A*11:01 or HLA-A*24:02, were obtained
by cell sorting followed by limiting dilution. The deletion of
the TAP2 gene and the clonality of the cell lines were con-
firmed by sequencing.

mAbs

Hybridomas producing the HLA class I-specific mAbsW6/32
(Parham et al. 1979), PA2.6 (Brodsky and Parham 1982b),
and A11.1M (IgG3) (Foung et al. 1986) were purchased from
ATCC. The isotype of A11.1M was altered to IgG1 by induc-
ing in vitro class switch recombination using the Crispr/Cas9
system. In brief, the guide sequences, Sμ5′:GCCAGAGG
CAGCCACAGCTGTGG or Sγ1 5 ′ :GGAAAGTG
CAAGCTGCTCTGAGG were inserted into PX458. The re-
sultant plasmids were then co-transfected into A11.1M cells
by electroporation using GenePulser Xcell (BIO-RAD,
Hercules, CA, USA). The next day, GFP-positive cells were
sorted and cultured at a density of 1 cell/well in 96-well flat-
bottom plates. Thymocytes from BALB/c mice were γ-
irradiated and added as feeder cells. The culture supernatant
was screened with polyclonal goat anti-mouse IgG1 and anti-
mouse IgG3 antibodies (SouthernBiotech, Birmingham, AL,
USA). The Bw4-specific mAbs 17A10 and 17A12, which
also recognize HLA-A24 molecules, were generously provid-
ed by Dr. Ulrich Hämmerling at Memorial Sloan Kettering
Cancer Center. The Bw6-specific mAb SFR8-B6 was a kind
gift from Dr. M. Takiguchi at Kumamoto University. Mouse
Kb and Ld were stained with B8.24.3 and 30-5-7S (ATCC),
respectively. mAbs were purified by DE52 (Whatman, Kent,
UK) anion-exchange chromatography when necessary.

Cloning and the expression of HLA-A*01:01
and HLA-A*11:01 molecules in C1R cells

cDNA of HLA-A*01:01:01:01 was cloned from MOLT-4
cells (ATCC) using the following primer pair: 5-A01,
CCCTCGAGCCGAGGATGGCCGTCATG; 3-A01,
GGGTCGACGGGTCACACTTTACAAGC. The cloned
gene was transferred into pLNCX2 (BD Biosciences
Clontech, Palo Alto, CA, USA). cDNA of HLA-A*11:01
was cloned from KU cells using the following primer pair:
5-A11, CCGAATTCGGGACTCAGATTCTCC; 3-A11,
CCGAATTCCCACACAAGGCAGCTG. HLA-A*11:01
cDNA was first cloned into pCAGGSneo ((Niwa et al.
1991); a kind gift from Dr. Jun-ichi Miyazaki at Osaka
University) and then transferred into pLNCX (Clontech).
The expression constructs were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) into

144 Immunogenetics (2020) 72:143–153



the Phoenix Eco packaging cell line (a kind gift from Dr. G.
Nolan, Stanford University). The produced recombinant virus
(pLNCX2-A*01:01 or pLNCX-A*11:01) was sequentially
transduced into PG13 (ATCC) and then into C1R cells.
HLA-A1- and HLA-A11-expressing C1R cells were selected
with 500 μg/ml and 600 μg/ml G418, respectively, and named
C1R-A1 and C1R-A11 cells, respectively.

Immunization and hybridoma production

BALB/c female mice were immunized once a week via intra-
peritoneal injection with 5 × 106 C1R-A1 cells that had been
incubated with 50 μg/ml mitomycin-C (MMC) for 30 min at
37 °C. After being immunized 5 times with C1R-A1 cells,
mice were boosted with 5 × 106 HLA-A*01:01 homozygous
PC-3 cells (ATCC) that had been irradiated with 30 Gy from
the Cs source. Three days later, splenocytes were fused with
X63.653 (ATCC) at a ratio of 10:1 using HYBRI-MAX
(Sigma, St. Louis, MO, USA) followed by HAT selection.

Ab-producing cells were screened for reactivity against PC-3
but not to C1R, and clones were obtained by limiting dilution.
Animal experiments and handling were approved by Kochi
University following the national guideline.

The immunoglobulin isotype was determined by a sand-
wich enzyme-linked immunosorbent assay (ELISA) using a
panel of polyclonal isotype-specific antibodies (1020-01,
1030-01, 1070-01, 1080-01, 1090-01, 1100-01, 1040-01;
SouthernBiotech) as capture Abs and alkaline phosphatase-
labeled isotype-specific goat Abs (1020-04, 1070-04, 1080-
04, 1090-04, 1100-04, 1040-04, 1060-04) as detecting Abs.

Flow cytometry

The saturating concentration of mAb was pre-determined for
each mAb using a cell line that expressed the highest level of
the respective HLA class I molecule, e.g., C1R-A11, and
twice the saturating concentration of mAb was used to stain
1 × 105 cells per sample. FITC-labeled F(ab’)2 goat anti-

Table 1 MHC class I genotypes and their expression in tumor cell lines

Cell line Type HLA-A HLA-B HLA-C H-2 Source Additional information

C1R B-lymphoblastoid (02:01) (35:03) 04:01:01 ATCC No A2, very low B35,
normal C4 expression

C1R-A1 B-lymphoblastoid 01:01:01:01
(02:01)

(35:03) 04:01:01 In this study A*01:01 transduced

C1R-A11 B-lymphoblastoid 11:01
(02:01)

(35:03) 04:01:01 In this study A*11:01 transduced

C1R-A24 B-lymphoblastoid 24:02
(02:01)

(35:03) 04:01:01 Takiguchi A*24:02 transduced

C1R-B35 B-lymphoblastoid (02:01) 35:01
(35:03)

04:01:01 Takiguchi B*35:01 transduced

C1R-B51 B-lymphoblastoid (02:01) 51:01
(35:03)

04:01:01 Takiguchi B*51:01 transduced

DAUDI Burkitt’s lymphoma (01:02)
(66:01)

(58:01)
(58:02)

(03:02:02)
(06:02)

ATCC β2m-deficient

PC-3 Prostate cancer 01:01 n.d. n.d. ATCC HLA-A sequenced
in this study

JY B-lymphoblastoid 02:01:01:01 07:02:01 07:02:01:01 Strominger

RAJI Burkitt’s lymphoma 01:01
03:01

15:10
15:CXU

03:04:02
04:01:01:01

ATCC

LKT3 B-lymphoblastoid 24:02 54:01:01 01:02:01 Kashiwagi EBV-transformed

KU B-lymphoblastoid 11:01
24:02

n.d. n.d. In this study EBV-transformed

TAB089 B-lymphoblastoid 02:01:01:01
02:07:01

46:01:01 01:02:01 ECACC EBV-transformed

HEV0400 B-lymphoblastoid 26:01
33:03

35:01
44:03

03:03
14:03

RIKEN
BRC

EBV-transformed

WT46 B-lymphoblastoid 32:01 44:02 05:01 ECACC Homozygous

HEW0012 B-lymphoblastoid 31:01
33:03

40:03
44:03

03:04
14:03

RIKEN
BRC

EBV-transformed

P815 Mastocytoma Kd, Dd, Ld ATCC Mouse

EL-4 T-lymphoma Kb, Db ATCC Mouse

n.d., not determined,

HLA class I molecules of no to low expression are in parenthesis

ATCC, American Type Culture Collection, ECACC, European Collection of Authenticated Cell Cultures
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mouse IgG (H + L) (Leinco, St. Louis, MO, USA) was used as
the secondary Ab. Dead cells were excluded from the analysis
by 7-actinomycin D staining (Molecular Probes, Eugene, OR,
USA).

Peptides

Peptides were manually synthesized using Fmoc chemistry
and purified by reverse-phase high-performance liquid chro-
matography (HPLC) to > 95% purity. The molecular weight
and purity of the peptides were confirmed by mass spectrom-
etry (MALDI-TOF/TOF5800; AB SCIEX, Framingham,
MA, USA). Concentrations of peptides were determined by
a MicroBCA assay (Thermo Fisher, Waltham, MA, USA)
using BSA as the standard.

The peptide-dependent stabilization assay

TAP-deficient C.A11Td or C.A24Td cells were incubated at
26 °C overnight. A total of 1 × 105 cells with empty HLA class
I molecules on the surface were suspended in 0.25% BSA
DMEM and incubated with 1 μM β2-microglobulin (β2m)
and graded concentrations of peptides in 96-well U-bottom
plates. Cells were incubated at 26 °C for 1 h and then at
37 °C for 4 h. At the end of the incubation, unbound peptides
were removed, and cells were stained with twice the saturating
concentration of the first antibodies. The isotype control used
was mouse IgG1 (clone 15H6; Southern Biotech). After stain-
ing with FITC-labeled F(ab’)2 goat anti-mouse IgG (Leinco),
cells were analyzed by FACScan (Becton-Dickinson, San
Jose, CA, USA). The mean fluorescence intensity (MFI)
was calculated with Cell Quest™, and the mean values of
duplicates were presented.

Evolutionary analyses of the HLA genes

Amino acid sequences of HLA-A and homologous genes
fromPan troglodytes (Patr-) andGorilla gorilla (Gogo-)were
obtained from the IMGT/HLA database (https://www.ebi.ac.
uk/ipd/imgt/hla/; (Robinson et al. 2011)) and the IPD MHC
NHP database (http://www.ebi.ac.uk/ipd/mhc/nhp/;
(Robinson et al. 2005)). Multiple sequence alignment and
phylogenetic tree construction were conducted using the
MEGA v7.0 software program (www.megasoftware.net)
(Kumar et al. 2016). CDS nucleotide sequences of 1098 bp
were retrieved and aligned. They were translated into amino
acids and used to calculate the evolutionary distances per site
with Poisson correction (Zuckerkandl and Pauling 1965). The
neighbor-joining tree was constructed (Saitou and Nei 1987)
with 500 bootstrap re-samplings (bootstrap values shown next
to branches).

Structure analyses

The position of 175His was identified in a crystal structure of
HLA-A*02:01 complexed with an influenza matrix protein
M1 peptide (PDB ID: 1HH1; (Madden et al. 1993)) using
Cn3D ver. 4.3, provided by NCBI.

Results

Generation of mAbs specific for HLA-A1 molecules

To establish mAbs that are suitable for analyzing the peptide
binding to HLA-A molecules by a stabilization assay using
TAP-deficient cells, we immunized mice with the C1R-A1
cell line that was generated by introducing the HLA-
A*01:01:01:01 gene into an HLA-A- and HLA-B-deficient
C1R cell line (Storkus et al. 1989). The final boost before
fusion was delivered by injecting PC-3 cells that express
HLA-A*01:01 molecules homozygously and no HLA class
II molecules. The resultant hybridoma cells were then
screened for reactivity against PC-3 but not to C1R, and two
hybridoma clones—designated A-1 and A-2, both IgG1
subclass—were obtained.

These clones’ reactivity against various cell lines
(Table 1) is shown in Fig. 1a, b. The commonly used
HLA class I-specific mAbs W6/32 (Parham et al. 1979)
and PA2.6 (Brodsky and Parham 1982a) were used as pos-
itive controls. As has been reported previously, W6/32 and
PA2.6 exhibited low yet substantial binding to C1R. This
was likely due to the reactivity to HLA-C molecules.
Neither mAb bound to β2m-deficient DAUDI, thus
confirming their reactivity to HLA class I and related mol-
ecules. W6/32 also bound to mouse MHC class I mole-
cules in complex with bovine or human β2m, confirming
previous reports (Brodsky and Parham 1982b; Kahn-
Perles et al. 1987). PA2.6, another HLA class I-
monomorphic epitope-specific mAb, also bound to mouse
MHC class I molecules. Both A-1 and A-2 bound to HLA-
A1 molecules as well as HLA-A11 (on C1R-A11) and
HLA-A24 molecules (on C1R-A24). They did not, how-
ever, bind to HLA-B molecules, i.e., Bw6 epitope-bearing
B35 (on C1R-B35) or Bw4-bearing B51 (on C1R-B51)
molecules. While parental C1R expresses HLA-C4 mole-
cules, neither A-1 nor A-2 bound to C1R (Fig. 1a). When
they were tested against various cell lines, A-1 and A-2
bound to most of the HLA-A allomorphs, provided that the
cells expressed β2m (Fig. 1b). However, neither bound to
HLA-A*32:01 molecules on WT46 nor to A*31:01 or
A*33:03 molecules on HEV0012. A-1 retained reactivity
to HLA-A*26:01 molecules on HEV0400, but A-2 did not
recognize it.
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The evolution of the A-1 epitope on HLA-A molecules

We compared the reactivity pattern of mAbs with the evolu-
tionary diversification of HLA-A alleles (Fig. 2). A-1 recog-
nizes an epitope common to most HLA-A alleles, but it was
lost when theHLA-A*31, HLA-A*32, and HLA-A*33 alleles

branched out, which probably occurred after the hominid line
diverged from the rest of the primate species (Fig. 2).

When the polymorphic amino acids in major HLA-A
allomorphs were aligned (Fig. 3a), three amino acids (14Leu,
322Phe, and 332Arg) were identified as unique amino acid sub-
stitutions shared by the HLA-A*31, HLA-A*32, and HLA-

Fig. 1 Reactivity of A-1 and A-2 mAbs to various cell lines. a A-1
(magenta) and A-2 (orange) bound to the C1R cells transduced with
HLA-A*01:01, A*11:01, and A*24:02, but not to parental C1R cells.
Previously described HLA class I-specific mAbs, W6/32 (blue) and
PA2.6 (green) bound to all HLA-A and HLA-B molecules expressed on
these cell lines. W6/32 and PA2.6 exhibited substantial binding to
parental C1R, most likely to HLA-C molecules on its surface. Positive
staining using control Abs A11.1Mγ1 for A11 and A24, 17A10 for B35,

and SFR8-B6 for B51 molecules is presented using dotted black lines in
respective figures. Gray silhouettes indicate the negative control stained
with the second antibody alone. bmAbs were tested for reactivity against
various human cell lines detailed in Table 1. Reactivity was also tested
against mouse cell lines expressing theMHC class I molecules Ld and Kb,
respectively. Positive staining for Ld and Kb was performed with the
mAbs 30-5-7S and B8.24.3, respectively (dotted black lines)
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A*33 alleles. However, these positions are located either in
the signal sequence (at 14), within the transmembrane domain
(TM, at 322), or at the C-terminal end of TM (at 332).

We searched for other positions by referencing the structure of
homologous HLA-A*02:01 molecules (PDB ID: 1HH1,
(Madden et al. 1993)) and found that the His to Arg substitution
at 175 (151 on numbering without signal sequences) may be
responsible for the loss of A-1 reactivity. Most HLA-A

allomorphs carry a His at 175, but a number of alleles—
including HLA-A*31, HLA-A*32, and HLA-A*33—have Arg
instead. This 175His forms part of a small, non-structured
kink in the middle of the α2 helix in HLA-A*02:01 mole-
cule (Fig. 3b), thus is likely to be sensitive to the presence
of a bound peptide. 175His is substituted to Arg in HLA-B
or HLA-C molecules, while mouse MHC class I molecules
carry Gly in this position.

Fig. 2 Phylogenetic tree of HLA-
A alleles of human and
nonhuman primates. Amino acid
sequences of HLA-A alleles and
homologous genes from Pan
troglodytes (Patr-) and Gorilla
gorilla (Gogo-) were obtained,
and polymorphic amino acid
positions were used to calculate
the maximal likelihood (ML) to
construct an evolutionary tree.
Bootstrap probabilities are shown
at the putative diversification
points. Evolutionary distances
were computed using the HKY
model. An epitope shared by A-1
and A-2 was found to have been
lost in a group of HLA-A alleles
highlighted in yellow. A-1 but not
A-2 retained reactivity to HLA-
A*26:01 (green)

�Fig. 3 Identification of a polymorphic amino acid substitution responsible for the loss of an epitope for A-1 and A-2. a Amino acid alignment at variable
positions in HLA-A molecules. The His (turquoise) to Arg (yellow) substitution at position 175 is most likely associated with a loss of reactivity of A-1 and
A-2. Unique amino acid substitutions shared by a group of alleles, including those stained negative with A-1 and A-2, are highlighted in red, while prevalent
amino acids at those positions are shown in orange. The amino acid positions starting from the initial Met are shown above the alignment. Positions that are
highly variable and exposed to the outsidemilieu in theα-1 andα-2 helices are highlighted (magenta). Amino acids identical to the reference allele, A*31:01
are indicated by dots (.), and deletions are indicated by hyphens (-). The HLA-B*35:01 and HLA-C*04:01 molecules examined by flow cytometry in this
study are included as references. b The position of the His to Arg substitution at 175 in the α-2 helix is highlighted in yellow in the crystal structure of
homologous HLA-A*02:01 (PDB: 1HH1)

148 Immunogenetics (2020) 72:143–153



Immunogenetics (2020) 72:143–153 149



Reactivity of A11.1M mAb

HLA-A11 is another HLA class I allomorph whose peptide
specificity has not been fully characterized due to a lack of
mAbs. The mAb A11.1M has been noted to bind to HLA-A11
and HLA-A24 molecules (Foung et al. 1986; Oiso et al. 1999).
Unfortunately, however, A11.1M belongs to the IgG3 subclass
of mice. IgG3 mAb is difficult to isolate, and the stability of the
isolated Ab is limited. Indeed, despite our attempts, we failed to
isolate sufficient amounts of A11.1M mAbs. We therefore in-
duced in vitro class switch recombination using the Crispr/Cas9

system and obtained an IgG1 bearing the identical V-gene. We
named this A11.1Mγ1 and used it for peptide-binding assays.
When we examined the reactivity of A11.1Mγ1 against a panel
of cell lines, it bound to HLA-A11 and HLA-A24-expressing
cell lines (Fig. 1a) in a β2m-dependent fashion.

Reactivity of A-1, A-2, and A11.1Mγ1 to TAP-deficient
HLA-A*11:01-transduced C1R cells

We next examined how A-1 and A-2 react to a TAP-deficient
HLA-A11-expressing C.A11Td cell line. As shown in Fig. 4a,

Fig. 4 Recognition of empty HLA-A11 and A24 molecules loaded with
peptides by mAbs. a All A-1, A-2, and A11.1Mγ1 bound to empty HLA-
A*11:01 molecules, which emerged on TAP-negative C.A11Td cells when
incubated overnight at 26 °C. A-1 and A-2 but not A11.1Mγ1 retained
reactivity against some A11 molecules expressed at 37 °C. The dotted lines
are histograms stained with an IgG1 isotype control. b The reactivity of
mAbs to peptide-loaded HLA-A11 molecules is shown. Histograms of
HLA-A11 molecules loaded with six different peptides at the highest
concentration in c. are presented with the negative control of the

secondary Abs alone (in gray). A-1 detected all six peptides, while A-2
recognized 11P4 and 11P9 less strongly than A-1. A11.1Mγ1 did not
recognize 3 peptides and recognized 3 others, poorly. c Titrations of
peptides in the same binding assays as in b are shown. d The peptide-
dependent stabilization of HLA-A24 molecules on C.A24Td cells was
analyzed with A-1, the positive control mAb 17A12, and A11.1Mγ1.
A11.1Mγ1 recognized all six peptides on A24, although poorly. The
preference of A11.1Mγ1 for some peptides can also be seen (pp65-341,
Met149 over ApoE39)
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both mAbs bound to what were likely empty HLA-A11 mol-
ecules that emerged during overnight incubation at 26 °C and
bound less markedly to the C.A11Td cells incubated at 37 °C.
A11.1Mγ1, in contrast, did not recognize the HLA-A11 mol-
ecules expressed on C.A11Td cells incubated at 37 °C.
A11.1Mγ1 did bind to empty HLA-A11 molecules that
emerged on the cell surface at 26 °C.

We further investigated the reactivity of three mAbs to the
HLA-A11 molecules stabilized by peptide binding. The pep-
tides used were chosen from the SYFPEITHI database (http://
www.syfpeithi.de/) or newly designed (Table 2). Twice the
saturating concentration of mAbs to stain TAP-sufficient
C1R-A11 cells was used to stain TAP-deficient C.A11Td cells
loaded with peptides. As shown in Fig. 4b, c, A-1 detected the
peptide-stabilized A11 molecules in a sequence-promiscuous
fashion, while A-2 exhibited some preference, less-strongly
recognizing 11P4 and 11P9. These results indicate that A-1
and A-2 recognize the conformational epitopes that are in-
duced by peptide binding or by being stabilized at 26 °C.

In contrast, A11.1Mγ1 exhibited varied reactivity depend-
ing on the peptides. As shown in Fig. 4b, c, A11.1Mγ1 hardly
bound to the peptide-stabilized HLA-A11 molecules on
C.A11Td cells. Peptides 11P1, 11P4, and 11P9 failed to gen-
erate the epitope on HLA-A11 molecules, while peptide
11P6-, P843-, and HT88-stabilized HLA-A11 molecules were
recognized by A11.1Mγ1 to some degree. Furthermore, the
affinity of A11.1Mγ1 appeared to be substantially low, even
toward C1R-A11 cells expressing highly heterogeneous, en-
dogenous peptides (Fig. 1a). Even a 10-fold higher concentra-
tion of A11.1Mγ1 antibody than that used in general practice
with other mAbs, i.e., 2.8 μg at the highest concentration in
this study, was insufficient to stain 1 × 105 C1R-A11 cells.
The maximal binding shown in Fig. 4c was much lower for
A11.1Mγ1 with the saturating concentration of peptides than
for A-1 or 17A12. Thus, the advantage of A-1 over

A11.1Mγ1 is obvious, especially for the analyses of peptide
binding.

Recognition of HLA-A*24:02-peptide complexes
by A-1

We further investigated whether or not the peptide promiscu-
ity of A-1 is a general property in the context of other HLA-A
allomorphs. Peptide binding to an HLA-A*24:02-expressing
TAP-deficient cell line (C.A24Td) was analyzed. As shown in
Fig. 4d, A-1 detected peptide-bound A24 molecules for all six
peptides as well as the previously identified peptide-
promiscuous mAb 17A12 (Tahara et al. 1990; Mashiba et al.
2007). A11.1Mγ1 detected peptide binding for the six pep-
tides tested, but reactivity varied substantially, suggesting
peptide-dependent affinity differences. Taken together, these
findings indicate that A-1 binds to a conformational epitope
on HLA-A molecules that is generated upon peptide binding
and does so in a sequence-promiscuous fashion or when sta-
bilized at 26 °C. A-1may therefore serve as a common reagent
for measuring peptide binding, irrespective of the alleles or
sequences of peptides for most of the HLA-A allomorphs.

Discussion

The development of T cell-based immunotherapies against
malignant tumors has rapidly expanded the demand to identify
HLA-binding peptides. However, methods and tools for ana-
lyzing HLA molecules have been limited to the allomorphs
for which mAbs are available. There are alternative methods
of measuring peptide binding to MHC molecules, such as a
sandwich ELISA of the recombinant MHC molecules
refolded in vitro with peptides (Ferre et al. 2003).
Computational tools to predict MHC-binding peptides are

Table 2 Peptides used for
stabilization assays of HLA-A
molecules

Peptide Sequence Restricting
HLA

Reference

11P1 RTSDRFFFK A*11:01 This study

11P4 KIYAKYHYK A*11:01 This study

11P6 TIFPPWYHK A*11:01 This study

11P9 TQLFRVFYK A*11:01 This study

HT88 KVLTPPITH A*11:01 Harashima (Harashima, N et al. 2005)

P843 GVFGFPLGR A*11:01 Krueger (Krueger, T et al. 2005)

HER2 TYLPTNASL A*24:02 Okugawa (Okugawa, T et al. 2000)

pmel15 AYGLDFYIL A*24:02 Mashiba (Mashiba et al. 2007)

Met149 RVWESATPL A*24:02 Mashiba (Mashiba et al. 2007)

ApoE39 ALNRFWDYL A*24:02 Mashiba (Mashiba et al. 2007)

MAGE3 TFPDLESEF A*24:02 Oiso (Oiso et al. 1999)

pp65-341 QYDPVAALF A*24:02 This study
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also available, some of which do not necessarily require pep-
tide binding data but instead use the structural information of
allele-specific amino acid substitutions, e.g., netMHCpan
(Jurtz et al. 2017) (http://www.cbs.dtu.dk/services/
NetMHC/). However, the efficacy of the in vitro folding of
MHC molecules is low, and the accurate measurement of
affinity differences is limited, especially for weakly binding
peptides. The computational prediction of MHC-binding pep-
tides largely depends on the size and quality of the peptide
binding data. In addition, the measurement of peptide binding
for the predicted peptides is usually necessary in order to
verify prediction, due to the limited accuracy of the current
predictions. The allele frequency of HLA-A*01 is as high as
0.15–0.2 among Caucasians, and that for HLA-A*11 is 0.1–0.
3 among Asians. The A-1 mAb should facilitate specificity
analyses of peptide binding for HLA-A molecules including
these prevalent allomorphs. Once analyzed in detail, the de-
velopment of computational tools to identify binder peptides
with improved accuracy will be possible.

Our observation of peptide discrimination with A11.1Mγ1
was not the first. Indeed, there have been several reports of
peptide discrimination bymAbs. Cases of peptide discrimination
by the anti-HLA-A2 mAb MA2.1 (Barouch et al. 1995), mAbs
against HLA-B27 (Wang et al. 1994; Smith et al. 1996), and
mouse H-2 (Hogquist et al. 1993) have been reported. Peptide-
binding data deposited into public databases may include some
data biased by the mAbs used for the analyses. We should keep
such a possibility in mind when using public databases.

Stam et al. developed the HLA-A locus-specific mAb HC-
A2 (Stam et al. 1990). However, HC-A2 recognizes only the
denatured HLA-A chain and is thus is useful for immunohis-
tochemistry but not suitable for analyses of peptide binding or
flow cytometry of live cells. An HLA-A locus-specific mAb
that recognizes a conformational epitope has not been devel-
oped before. In mice and humans, the locus-specific downreg-
ulation ofMHC class I expression has been described in tumor
cells (Keeney and Hansen 1989; Griffioen et al. 2000; Snyder
et al. 2001) and virally infected cells (Gewurz et al. 2001). The
development of HLA-A-specific mAbs may aid in the inves-
tigation and monitoring of immune responses against tumors
and chronic viral infections.
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