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Abstract: Leukocyte cell-surface HLA-I molecules, involved in antigen presentation of peptides to
CD8+ T-cells, consist of a heavy chain (HC) non-covalently linked to β2-microglobulin (β2m) (Face-1).
The HC amino acid composition varies across all six isoforms of HLA-I, while that of β2m remains the
same. Each HLA-allele differs in one or more amino acid sequences on the HC α1 and α2 helices, while
several sequences among the three helices are conserved. HCs without β2m (Face-2) are also observed
on human cells activated by malignancy, viral transformation, and cytokine or chemokine-mediated
inflammation. In the absence of β2m, the monomeric Face-2 exposes immunogenic cryptic sequences
on these cells as confirmed by HLA-I monoclonal antibodies (LA45, L31, TFL-006, and TFL-007).
Furthermore, such exposure enables dimerization between two Face-2 molecules by SH-linkage, salt
linkage, H-bonding, and van der Waal forces. In HLA-B27, the linkage between two heavy chains
with cysteines at position of 67 of the amino acid residues was documented. Similarly, several alleles
of HLA-A, B, C, E, F and G express cysteine at 67, 101, and 164, and additionally, HLA-G expresses
cysteine at position 42. Thus, the monomeric HC (Face-2) can dimerize with another HC of its own
allele, as homodimers (Face-3), or with a different HC-allele, as heterodimers (Face-4). The presence
of Face-4 is well documented in HLA-F. The post-translational HLA-variants devoid of β2m may
expose several cryptic linear and non-linear conformationally altered sequences to generate novel
epitopes. The objective of this review, while unequivocally confirming the post-translational variants
of HLA-I, is to highlight the scientific and clinical importance of the four faces of HLA and to prompt
further research to elucidate their functions and their interaction with non-HLA molecules during
inflammation, infection, malignancy and transplantation. Indeed, these HLA faces may constitute
novel targets for passive and active specific immunotherapy and vaccines.
Keywords: HLA; heavy chain; α1 and α2 helices; β2microglobulin; monomeric; homodimers;
heterodimers; monoclonal antibodies; Face 1; Face 2; Face 3; Face 4

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
1.1. Preamble
A protein can be a monomeric single polypeptide chain or two or more such chains
(e.g., dimeric or trimeric). A monomeric protein may have secondary structures (α-helix
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A protein can be a monomeric single polypeptide chain or two or more such chains
(e.g., dimeric or trimeric). A monomeric protein may have secondary structures (α-helix
and β-pleated sheets) (Figure 1) and attain a tertiary structure. However, when proteins
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Figure 1. Three-dimensional structure of the HLA class-I heavy chain without β2-microglobulin

Figure 1. Three-dimensional structure of the HLA class-I heavy chain without β2-microglobulin
showing
molecular
arrangement
of α-Helix
and β-pleated
The strand
yellowofstrand
of the protein
showing
thethe
molecular
arrangement
of α-Helix
and β-pleated
sheets.sheets.
The yellow
the prochain
represents
of the
thecryptic
crypticepitope
epitope
exposed
in absence
the absence
of β2-microglobulin. The
tein
chain
representsthe
the region
region of
exposed
in the
of β2-microglobulin.
The
α3-helicaldomain
domainis
is not
not shown
α3-helical
shownininthe
thefigure.
figure.

The
amino
acidacid
sequences
or epitopes
exposed
on a single
heavy chain
The
amino
sequences
or epitopes
exposed
on apolypeptide
single polypeptide
heavy chain
may
become
cryptic
when
the protein
attainsattains
a quaternary
structure.
Consequently,
the
may
become
cryptic
when
the protein
a quaternary
structure.
Consequently,
the
antigenicity
andand
immunogenicity
of theof
same
may differ
between
the single the
heavy
antigenicity
immunogenicity
the protein
same protein
may
differ between
single heavy
chain and the same protein having a quaternary structure. If the protein is a glycosylated
chain and the same protein having a quaternary structure. If the protein is a glycosylated
polypeptide, the exposure of the sugar residues on the protein may differ between the
polypeptide, the exposure of the sugar residues on the protein may differ between the
single heavy chain version and its di- or trimeric quaternary version. Protein glycosylation
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1.2. Polymorphism of Human Leukocyte Antigens (HLA)
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on the short arm of human chromosome 6. HLA-I genes are located near the telomere,
whereas HLA-II genes are located near the centromere. The six isoforms of HLA-I are
positioned in the following sequence:
Centromere_HLA-II_HLA-B–HLA-C–HLA-E–HLA-A–HLA-G—HLA-F-Telomere
Glycosylated HLA molecules predominantly occur on the cell surface as quaternary
structures with a propensity to bind with peptides. HLA-I molecules that are expressed on
the cell surface occur as trimers consisting of a HC, non-covalently linked β2-microglobulin
(β2m), and a peptide, usually 8–10 amino acids in length, embedded in the polymorphic
binding groove of the HC (Figure 2). The β2m is the β chain of HLA-I and the β2m gene is
located on chromosome 15. The β2m is monomorphic in contrast to the polymorphic HLAHCs. These heterodimers of HLA-I, also known as closed conformers [2], are designated as
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structures with a propensity to bind with peptides. HLA-I molecules that are expressed
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are designated as Face-1. The antigenic polymorphism of HLA class-I isoforms is primarily due to the inter- and intra-isoform differences in the amino acid sequences of the HC.
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chains of HLA-II.

The primary role of both HLA-I and HLA-II is to present peptides to CD8+ and CD4+
T lymphocytes, respectively [2,5]. Accordingly, the T-cell receptors, CD8 and CD4, interact
with HLA-I and HLA-II molecules. The site of interaction of CD8 with class-I molecules is
the α3 domain, and that of CD4 with class-II is the β2 domain. Presentation of peptides
by HLA-I to CD8+ T-cells results in the stimulation of the CD8+ cytotoxic T cells (CTLs)
to kill cells infected with viruses and intracellular pathogens. The bound peptides are
derived from intracellular proteins (endogenous) or viral polypeptides produced upon
viral infection that have been cleaved by the proteasome and other cytoplasmic peptidases.
These peptides are transported into the ER, usually by the transporters associated with
antigen processing (TAPs). In the ER, the peptides are loaded onto the groove of the HLA-I
heavy chain. The peptide carried by Face-1 is thus expressed on the cell surface. After
presenting the peptide or when peptide is shed, the β2m dissociates itself from the HC and
is released into the microenvironment of the cell and then into the circulation. The shedding
is facilitated by calcium dependent and zinc-containing matrix metalloproteinases (MMPs),
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such as MMP-2, MMP-3, MMP-8 and MMP-9 [6–8]. The HLA heavy chains and β2m are
degraded soon after release into the circulation.
HLA-II presents peptides from exogenous proteins to CD4+ T helper cells, which
deliver cytokines to immune cells resulting in their activation. Both CD4+ and CD8+ T cells
contribute to adaptive immunity, which can be enhanced by vaccination. The polymorphic
differences in the α1 and α2-helical structures among the HLA molecules impact both the
nature of the peptide antigens presented as well as the nature of the responding T cells [9].
Amino acid sequencing of thousands of HLA-I and -II molecules revealed that the sequence
diversity is concentrated at specific regions of the HLA molecule. A T-cell receptor (TcR)
interacts with the three-dimensional structure of a peptide carried on an HLA class-I or -II
molecule.
The specificity of TcR restriction is a consequence of the sequence diversity of the HLA
molecule. Such sequence diversity has generated wide varieties of HLA-I and -II molecules.
The number of named alleles for each HLA-I and HLA-II gene and their respective proteins
were reported recently (7 July 2021) in the IPD-IMGT/HLA DATABASE (Table 1).
Table 1. The number of named alleles for each gene of HLA-I and HLA-II, located on the short-arm
of Chromosome 6.
Updated on

HLA Class I Alleles

HLA Class II Alleles

α-Chain
Genes
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021
14 October 2020
7 July 2021

A

Alleles

α-Chain
Proteins

6766
6921
B
7967
8181
C
6621
6779
E
271
271
F
45
45
G
82
88
α-chain pairs with
β2-microglobulin

4064
4156
4962
5090
3831
3927
110
110
6
6
22
26

β-Chain

Genes

Alleles

Proteins

Genes

Alleles

Proteins

DRA

29
29

2
2

DRB1
3801
DRB2

2949
3801
1
1
390
404
194
203
155
163
0
3
2
2
1
1
6
6
40
40
1997
2033
1749
1862
6
6
13
13
13
13

2015
2620
0
0
293
301
129
131
120
125
0
0
0
0
0
0
0
0
11
11
1303
1324
1106
1180
0
3
7
7
5
5

DRB3
DRB4
DRB5
DRB6
DRB7
DRB8
DRB9
DQA1

306
343

143
172

DQA2
DQB1

DPA1
DPA2
DMA
DOA

258
298
5
5
7
7
12
12

107
DPB1
135
0
DPB2
2
4
DMB
4
3
DOB
3
α-chain pairs with β-chain

Source: IPD-IMGT/HLA DATABASE WEBSITE https://www.ebi.ac.uk/ipd/imgt/hla/about/statistics/
(accessed on 7 July 2021).
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1.3. Natural Cell-Surface HLA Molecules Are Glycosylated
In normal cells, HLA-I have fucosylated biantennary structures, while HLA-DR
(HLA-II) have bi-, tri- and tetra-antennary and high-mannose structures. On HLA I, the
position N86 (Asparagine on 86th amino acid) is glycosylated. The N86 is located close to
the peptide-binding groove [10]. It is highly conserved and present on practically all HLA-I
allotypes [11–13]. The HLA-II α chain of Face-I contains both an N- linked high-mannose
carbohydrate chain and a complex-type carbohydrate chain. The HLA-II β chain of Face-1
contains only an N-linked, complex-type carbohydrates chain. Several viruses, such as
influenza, express neuraminidase, which may remove the terminal sialic acids (NeuAc,
NeuGc, 9-O-NeuAc, 9-O-NeuGc) of these N-linked glycans and change their net negative
charge caused by such sialic acids.
The glycosylation residues may differ by cell types within a person [14,15]. For
example, the number of HLA-II is higher in B cells than in monocytes. The pattern of
glycosylation in B cells upon infection with Epstein-Barr virus (EBV) differs from native B
cells. HLA-I molecules in the EBV- transformed B-cell line are under-sialylated, whereas
HLA-II molecules are over-sialylated. Both tri-antennary and high-mannose structures are
increased in HLA-I molecules. Cytomegalovirus infection can also induce changes in HLA
glycosylation [16]. The pattern of glycosylation of Face-1 on the surface of malignant human
cancer cells differs markedly from that of their non-malignant counterparts. Yoneyama
et al. [17] report a novel mechanism governing HLA class-I (HLA-A24) cell-surface expression in bladder cancer. It involves specifically altered post-translational modification by
O-glycosylation of HLA-I. The altered glycosylation of HLA-I enables the bladder cancer
cells to metastasize to lymph nodes and to evade cytotoxic T lymphocyte (CTL) immunity.
It appears that the glycosyl residues on glycoproteins serve as a checkpoint for proper
protein folding and trafficking of Face-1 to the cell surface [18–20]. Glycosylation of Face-1
protects it from proteolysis once it is on the cell surface [21] and allows for spacing of
receptors and ligands on the cell surface for optimized cell-cell attachment [22]. Similarly,
Ryan et al. [23] have demonstrated that the presence of the carbohydrate moiety on HLA-II
is essential for presentation of a certain class of peptides.
In contrast to native glycosylated HLA-DR2, recombinant (bacterially expressed) DR2
failed to associate with peptides despite being properly folded and fully capable of such
binding. Perhaps even more significant, alterations in cellular protein glycosylation of both
HLA-I and HLA-II have been reported in inflammatory bowel disease and patients with
colon cancer [24–26]. Thus, it is evident that a single HLA allele is also diversified due to
the differences in glycosylation between cell types, before and after infection, inflammation
and malignant diseases. These diversifications may impact both the antigenicity and the
immunogenicity of HLA.
Monitoring anti-HLA-I antibodies post-transplantation is an essential step in clinical
evaluation. HLA-I and HLA-II reactivities of IgG are analyzed by Single Antigen Bead
(SAB) assays using dual-laser flow cytometry with Luminex xMAP® multiplex technology
(LABScan™ 100). The SABs used to monitor antibodies (e.g., LABScreen, One Lambda
Inc., Canoga Park, CA, USA) are coated with recombinant HLA and are not glycosylated.
Clinicians deduce the existence of donor specific antibodies (DSA) based on the reactivity of IgG antibodies to the “non-glycosylated version” of HLA-I coated on such beads.
Evidently, antibody recognition of the epitopes (at the heart of which are eplets near the
binding groove) may differ depending on the presence or absence of glycosylation residues
(in vivo). Antibodies recognizing non-glycosylated HLA molecules coated on solid matrices, may not be accessible to the same sites in the presence of glycosylation residues.
This could possibly be one of the reasons why DSAs identified by SAB assays may fail to
recognize the natural HLA-I and HLA-II molecules on the allograft and, therefore not be
detrimental [26–33]. Probably for the same reason, the monoclonal antibodies developed
by immunizing deglycosylated recombinant protein molecules (e.g., IL-2), do not target
the specific antigen in passive immunotherapy. Interestingly the number of glycosylation
sites in HLA-I of normal cells is singular, whereas it is several in HLA-II. Wilson et al. [34],
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employing a diagnostic mAb (Q6/64), demonstrated that the glycosylation of the HLA-I
HC can hinder antibody recognition either directly or by altering the conformation of
the α1 helix. There is a need to identify and characterize the mAbs that can distinguish
glycosylated from non-glycosylated HCs of HLA-I and -II molecules. Until that is done, the
HLA antibodies claimed to be “HLA-allele-specific” or “donor-HLA-allele-specific” will
remain confounded.
2. The Four Faces of the HLA Class-I Molecules
The HLA-I heterodimers involved in peptide presentation (closed conformers), described above constitute the Face-1 of HLA-I molecules. This structure changes posttranslationally on the surface of cells activated by different stimuli. In activated lymphocytes, virally infected cells, and malignant cells, β2-m-free HCs are expressed naturally on
the cell surface as monomers, and they are referred to as Face-2. The monomer without
β2m may not have a stable grove to present peptides. The monomers may expose cysteines
at differ positions of α1, α2 and α3 helices and may get linked with cysteines of other
Face-2 molecules on the cell surface by forming S-S bonds depending on the conformation
of the heavy chains. Therefore, these monomers may interact with other monomers of
the same HLA allele to become homodimers (Face-3) or with monomers of 7other
Vaccines 2022, 10, x FOR PEER REVIEW
of 26 HLA-I
alleles to generate heterodimers (Face-4). Figure 3 diagrammatically illustrates the naturally
occurring four faces of HLA-I molecules.
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Strikingly similar data were obtained using a somatic cell variant of the C3H (H-2k) lymphoma. Based on these findings, it was concluded that the heavy chains of class-I molecules cannot be expressed in the absence of β2m.
As early as 1979, the Strominger team [38,39] used mouse anti-HLA mAb W6/32 to
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hybridization experiments. However, the expression of Daudi HLA-I antigens could be
rescued either by mouse or human β2m, provided by the normal counterpart of Daudi.
Strikingly similar data were obtained using a somatic cell variant of the C3H (H-2k)
lymphoma. Based on these findings, it was concluded that the heavy chains of class-I
molecules cannot be expressed in the absence of β2m.
As early as 1979, the Strominger team [38,39] used mouse anti-HLA mAb W6/32 to
identify intact HLA-I (Face-1). The mAb recognized an epitope on the β2m residues 3 and
89, and on the HC residue 121 of all isoforms of intact HLA (Face-1) but not β2m-free HC
(Face-2) [40,41]. They studied the biosynthesis of HLA-I in the human B lymphoblastoid
cell line T5-1, which is positive for HLA-Al, -A2, -B8, and -B27, after immunoprecipitation
of the detergent lysates of 35 S-methionine-labeled cells and testing with W6/32. Indeed,
the mAb recognized specifically the Face-1. They also immunoprecipitated the lysate with
an anti-H polyclonal serum, which does not bind to Face-1, but only the β2m-free HLA
(Face-2). The results confirmed the presence of β2m-free HLA (Face-2). Based on these
findings, they reported that “W6/32 reactive material was detected on the cell surface, whereas
anti-H-reactive material . . . could only sometimes be detected in small quantities on overexposed
fluorographs. Thus, at most only 1 or 2% of the heavy chains (Face-2) present on the surface of T5-1
were precipitable by anti-H” ([38], p. 984).
However, Nossner and Parham [42], emphasized the need for conclusive evidence
to support the expression of Face-2 of HLA on the cell surface of human cells. They have
summarized previous reports [43–47] that provided circumstantial evidence for differences
in the biogenesis of HLA class-I molecules in human and mouse cells. In mouse cell lines
that lack expression of β2m, some fraction of Face-2 reaches the cell surface which is also
true for mice with genetically knocked out β2m genes. But in the Daudi human cell line,
which is defective in β2m, HLA-I molecules are trapped in the ER and appear to be actively
prevented from reaching the cell surface [48], as discussed above. Since this investigation,
cell surface expression of Face-2 received focused attention, leading some investigators
to speculate that Face-2 of HLA could be immunologically inert [49], which was shown
to be incorrect [50–56]. In any case, expression of Face-2 is observed across lymphocyte
subpopulations (CD3+ T cells, CD19+ B cells, CD56+ NK cells and CD14+ monocytes),
and importantly these HCs are overexpressed particularly on activated cells, as well as on
extravillous trophoblast cells and monocytes [57]. The origin and functions of Face-2 in
activated cells have been speculated on in these investigations.
2.2. The mAb LA45 Recognizes Only Face-2 but Not Face-1
Five years after the Strominger group reports [38,39], Allen et al. [44] demonstrated
that the transfected murine class-I molecule H-2Db can be expressed on the surface in the
absence of β2m (Face-2). These free HCs (Face-2s) display a significantly altered conformation unrecognized by allospecific and Db-restricted CTLs or by most alloantibodies.
Schnabl et al. [58] observed β2m-free HLA-I (Face-2) on the cell surface of both in vitro and
in vivo activated human T lymphocytes, but not on the resting ones. In naïve T-cells, the
β2m in HLA-I is noncovalently associated with some amino acids in the α3-subunit of the
heavy chain [59]. The conformational properties of Face-2 of HLA-I are found to be very
different from peptide binding Face-1. They performed sequential immunoprecipitation
with mAb W6/32 and LA45 (raised against HTLV-1 transformed human T cell line HUT102)
to study the Face-2. W6/32 precipitated Face-1, whereas LA45 precipitated only Face-2
and did not co-precipitate β2m. Western blot analysis of the cell lysates further confirmed
the results.
Further investigation with mAb LA45 on freshly isolated mononucleated immune
cells of 18 volunteers confirmed the presence of weak cell surface expression of the LA45
positive antigen. After phytohaemagglutinin (PHA) activation of the T-lymphocytes from
12 healthy individuals, the cell surface became distinctly positive with LA45 within 24 h,
with a maximum expression on days 3-6 in a range of 65 +/− 19% (Day3). The in vivo
study of activated cells from two of three patients with infectious mononucleosis showed
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LA45 positivity in CD3, CD8, and HLA class-II negative cells. One patient showed 84%
LA45 positive T-cells, and the other showed 14% LA45 positive T-cells. These observations
support the contention that expression of Face-2 on the cell surface can be increased by
cell activation.
Madrigal et al. [60] found expression of the LA45 epitope on EBV-transformed B cell
lines as well as lectin-activated T cells, but not on long-term T cell lines or unstimulated
peripheral blood T cells. The specificity of the LA45 antibody is precisely correlated with
the sequence arginine-asparagine (RN) at residues 62 and 63 of the helix of the αl domain.
The LA45 epitope is associated with many alleles of both HLA-A and -B loci but not those
of the HLA-C locus. All the results are consistent with the presence of pools of free HLA-A
and -B HCs at the surfaces of some but not all cell types.
2.3. Novel Cold Trypsin Assay Eliminated Face-2 from Cell Surface
Demaria et al. [61] studied the induction of Face-2 on activated human peripheral
blood T cells, which were stimulated with phorbol myristate acetate (PMA) in different
periods of time. PMA induced the expression of Face-2 on 90% of the cells stained with the
mAb HC 10. The expression of Face-2 was detected on the surface of PMA-activated T cells
by 8 hr, prior to expression of the interleukin-2 receptor (IL-2R), and reached plateau levels
after 12 hr. Similarly, Face-2 is expressed on T cells activated with anti-CD3 or with PHA.
On average, 30 to 65% of T cells were found to express Face-2 after 18 hr of stimulation.
In addition, Face-2 is also expressed on the CD4+ T cell clone 4D9 and detected on the
cell surface of activated T cells after brefeldin A (BFA) treatment, which arrests the exit
of newly synthesized Face-1 from the ER. Expression of Face-1 was completely inhibited
by BFA, and thus induction of Face-2 on activated T cells requires the transport of newly
synthesized Face-2 to the surface. Interestingly, the expression of Face-1 molecules was
up-regulated by PMA, as evidenced by an increase in the staining intensity of cells with
mAb W6/32. This up-regulation was similarly abrogated in the presence of BFA.
To further investigate the relationship between the two Faces of HLA-I molecules,
Face-2 heavy chains were eliminated from the cell surface with trypsin. The trypsin
assay involves direct incubation with 25 pg/mL of trypsin in RPM1 1640 for 15 min at
4 ◦ C [61]. Their subsequent re-expression was examined. Since high levels of Face-2 are
expressed on all HTLV- l+ and EBV-transformed cell lines, HUT- 102 leukemia cells as well
as PMA-activated T cells were briefly treated with cold trypsin. Trypsinization of these
cells removed cell surface Face-2 but not Face-1 molecules. Interestingly, BFA failed to
prevent the reappearance of Face-2 on activated T cells following their selective removal
with trypsin, suggesting that (1) the generation of Face-2 is a continuous process and
(2) Face-2 may be generated independent of Face-1. Aiuti et al. [62] using purified or
biotinylated mAb L31, recognizing only Face-2 but not Face-1 of HLA-C, have shown (1)
that the association with β2m is not necessary for the expression of HLA-C on the surface
of activated T lymphocytes and (2) that cell activation affects the balance between the two
conformational forms (Face-1 and -2) of HLA-C.
2.4. HLA-I Polyreactive mAbs Binding to Cryptic Sequences Exposed on Face-2
Face-2 molecules expressed on the cell surface are a “naked version” of HLA as they
are exposing otherwise cryptic domains of amino acid sequences or epitopes. Therefore,
Arosa et al. [63] designated Face-2, as Open Conformers [64]. Those amino acid sequences
that are cryptic when HLA occur as quaternary structures, upon transformation to the
monomeric version, become a target for immune recognition, due to exposure of the cryptic
domains. Table 2 presents several epitopes exposed on Face-2 of HLA-I alleles. Some
amino acid sequences are commonly shared with all other isoforms (e.g., 117 AYDGKDY123 ,
126 LNEDLRSWTA135 & 137 DTAAQI142 ) (Table 2, Figure 4A). These epitopes may elicit
IgG antibodies that are reactive with multiple HLA-I isomers, and hence designated as
polyreactive HLA antibodies. These antibodies are each specific for a given epitope that
may be found on numerous alleles of HLA-I isoforms. Hence, the antibody may be reactive
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with numerous alleles that express the particular (public) epitope, and in this fashion
is polyreactive.
Table 2. Peptide sequences of Face-2 of HLA-E shared with other HLA alleles of five major isoforms
and some sequences are restricted to HLA-E and A or B or C restricted.
HLA Alleles

Face-2 Peptide Sequences or Open
Conformers of HLA-E
[Number of Amino Acids]

Cw

F

G

1

0

0

0

0

A*3306

5

0

0

0

0

A-restricted

0

0

0

0

0

E-restricted

[8]

1

10

48

0

0

Polyspecific

[7]

24

0

0

0

0

A-restricted

1

104

75

0

0

Polyspecific

491

831

271

21

30

Polyspecific

239

219

261

21

30

Polyspecific

[6]

0

824

248

0

30

Polyspecific

[7]

0

52

4

0

30

Polyspecific

0

0

0

0

0

E-restricted

[9]

[8]

[6]

90 AGSHTLQW97
108 RFLRGYE123

115 QFAYDGKDY123
117 AYDGKDY123

[9]

[7]

126 LNEDLRSWTA135

137 DTAAQIS143

Specificity

B

59 EYWDRETR65

137 DTAAQI142

HLA-Ib

A

47 PRAPWMEQE55

65 RSARDTA71

HLA-Ia

143 SEQKSNDASE152

[10]

[10]

157 RAYLED162

[6]

0

1

0

0

0

B*8201-restricted

163 TCVEWL168

[6]

282

206

200

0

30

Polyspecific

0

0

19

0

0

C-restricted

182 EPPKTHVT190

[8]

The degree of polyreactivity of an antibody depends on the presence of an amino acid
sequence (epitope) on different alleles of different isoforms. Several factors may play a role
in the recognition of a “polyspecific” epitope. This is well illustrated in Tables 2 and 3. The
sequence 117 AYDGKDY123 is found in almost all HLA alleles of different isoforms. However,
the same sequence with two additional amino acids 115 QFAYDGKDY123 is not found in
all HLA alleles of different isoforms as illustrated in Table 2. The difference between
these two peptides is clarified by the antigenicity rank of epitopes, which is predicted by
various methods to measure beta-turn, antigenicity, flexibility and hydrophilicity (Table 3).
Figure 4A illustrates the exact location of the amino acids QF in the epitope. The methods
predict the probability of specific sequences in an allele to antibodies. This finding stresses
the importance of the role of each amino acids in promoting antigenicity, immunogenicity,
and ultimately the polyreactivity of the antibodies they generate.
This type of polyreactivity is distinct from the polyreactivity of “natural” antibodies
in which a single antibody may be reactive with multiple different epitopes. Antibodies against Face-1 epitopes may be shared among multiple alleles (e.g., Bw4), which are
referred to as “public epitopes”. The polyreactive antibodies formed against the cryptic
and commonly shared epitopes of Face-2 are exposed due to activation of cells during
inflammation, infection, surgery and cyto/chemokine upregulations [58–64]. These polyreactive antibodies, are directed against Face-2 specific epitopes and confound the proper
assessment of truly allograft-pathogenic DSA directed against epitopes on Face-1. In fact,
several clinical investigators have recognized that not all HLA-I antibodies are detrimental
to allografts [29,64–69]. Identifying “the real” pathological HLA antibodies is critical to
protect the allograft after transplantation.
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indicated in yellow
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isoforms
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indicated
in yellow
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also Table antibodies.
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binding
to such
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by other HLA
(mAbs)
epitopes exposed
on α1 or (B)
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of an
of an
isoform.
Monospecificity
of
isoforms
arerecognize
called polyreactive
antibodies.
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of allele
HLA-E.
HLA-I
monospecific
antibodies
a mAb (TFL-033) is illustrated with HLA-E restricted amino acid sequence RSARDT. This sequence
(mAbs) recognize epitopes exposed on α1 or α2 helix of an allele of an isoform. Monospecificity of a
is not shared with any other HLA isoforms. Dosimetric inhibition of the antibody binding to HLAmAbE(TFL-033)
is illustrated
HLA-E
amino
sequence
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sequence
is
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monospecificity
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the mAb.
Only monospecific
mAbs
are
not shared with any other HLA isoforms. Dosimetric inhibition of the antibody binding to HLA-E
with the specific sequence confirms the monospecificity of the mAb. Only monospecific mAbs are
reliable for immunodiagnosis of HLA antigens expressed on human normal and cancer cells. A
donor specific antibody is expected to be monospecific for the donor allele and not polyreactive with
a sequence exposed on Face-2.
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Table 3. The difference between peptides 115 QFAYDGKDY123 and 117 AYDGKDY123 clarified by
the bioinformatics analysis done with the Immune Epitope Database (IEDB) to predict antigenicity
rank of epitopes. Chou and Fasman beta turn, Kolaskar and Tongaonkar antigenicity, Karplus and
Schulz flexibility and Parker hydrophilicity prediction methods in IEDB were employed to predict
the immunogenic rank of the two sequences. Note the striking difference in antigenicity, flexibility
and hydrophilicity between 115 QFAYDGKDY123 and 117 AYDGKDY123 due to presence are absence of
the two amino acids Q and F. This finding stresses the importance of the role of each amino acids in
promoting antigenicity as well as immunogenicity.
Number of Positive
HLA-I Alleles

Peptide Sequence
Exposed in the Absence
of β2-Microglobuin
[Total Number of Amino
Acids]
115

QFAYDGKDY123 [9]

117

AYDGKDY123 [7]

Classical
HLA-Ia

Prediction SCORES

Non-Classical
HLA-Ib
Cw

F

Specificity

G

Beta-Turn

Antigencity

Flexibility

Hydro
Philicity

Chou &
Fasman
(1978)

Kolaskar &
Tangaonkar
(1990)

Karplus
& Schulz
(1985)

Parker
(1986)

Immunogenicity
Rank

A

B

1

104

75

0

0

Polyspecific

1.059

1.001

0.993

2.629/3.201

5

491

831

271

21

30

Polyspecific

1.204

0.989

1.061

4.243

1

Pathological HLA antibodies are directed against the sequences exposed on the α1
and α2 domain at or near the peptide binding groove of Face-1 of HLA. In contrast to
polyreactive antibodies, the monospecific antibodies bind only to an epitope unique to
one or two alleles of an HLA isoform. These monospecific anti-Face-1 antibodies may be
directed against a specific epitope, which is often referred to as a “private epitope” when
restricted to a single allele or serological antigen. A typical example is mAb TFL-033 [55],
which binds only to specific epitopes (e.g., 65 RSARDTA71 and 143 SEQKSNDASE152 ) found
on specific alleles such as HLA-ER101 or HLA-EG101 (Table 2, Figure 4B)
2.5. Admixture of Face-2 with Face-1 on Beadsets Hampers Specific Monitoring Pathogenic
Anti-Face-1 HLA Antibodies in Transplant Patients
We [52] have identified that two of the mAbs (TFL-006 and TFL-007) produced after
immunizing the Face-2 of HLA-E are highly reactive to the most commonly shared peptide
sequence (117 AYDGKDY123 ) of HLA-I isoforms illustrated in Figure 4A. These amino acid
sequences, when mixed with mAbs TFL-006 or TFL-007, inhibit the binding of the mAbs to
Face-2 HLA-I coated on a solid matrix (SABs). Such polyreactive HLA-IgGs are capable
of binding to Face-2 (open conformers) on the cell surface or on the beadsets. While
investigating the HLA-E reactivity in alloimmunized normal males, polyreactive HLA-Ia
reactivity was observed in anti-HLA-E-positive sera. These HLA-I polyreactive antibodies
that are also formed during end stage organ diseases are particularly important from
the perspective of HLA sensitization that occurs in patients with such diseases [70,71].
HLA allo-antibodies formed against allograft specific alleles that are present in the donor
and not in the recipient can cause damage to the transplanted allograft. However, the
polyreactive HLA-I IgGs capable of reacting only with Face-2 of several HLA isoforms and
their alleles will not react with Face-1 expressed on allograft endothelial cells. Therefore,
the polyreactive IgGs may not be the ones involved in antibody-mediated destruction of
allografts [70,71].
Dr. Adam K. Idica, a dynamic researcher from Terasaki Foundation Laboratory has
developed a category of beads that contain only Face-1 but not Face-2, based on the
trypsin assay of Demaria et al. [61] for eliminating Face-2 but not Face-1 from the cell
surface. Utilizing a modified version of the assay, One Lambda Inc. has generated beads
carrying only Face-1, called iBeads, which are different from regular LABScreen SABs, in
which Face-1 is admixed with Face-2 [56,71]. The LABScreen beads were commercialized
for monitoring HLA antibodies in pre- and post-transplant patients’ sera. The regular
LABScreen beads are reactive to mAbs W6/32, HC-10 and the HLA polyreactive mAb
TFL-006 [70]. Unlike regular LABScreen beads, iBeads reacted only with W6/32 but not TFL006 [55,56]. Another vendor (Immucor, Norcross, GA, USA) has also developed multiplex
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beads for monitoring HLA antibodies using a SAB assay in Luminex flowcytometry. These
beads are called LIFECODES. When tested for the presence of Face-2 HLA-I using mAbs
W6/32, HC-10 and TFL-006, it was noted that this beadset is totally devoid of Face-2 (open
conformers) of HLA [72], similar to iBeads, which have been abandoned by the vendor of
LABScreen beadsets.
One of the fundamental questions in measuring antibodies against HLA class-I or -II
antigens is whether the assay detects the antibodies directed only against Face-1 (intact
or native HLA; closed conformers) or against both Face-1 and Face-2 (monomeric version
or open conformers). This is critical because numerous studies have documented that
antibodies against intact HLA but not those formed against Face-2 are pathogenic (59).
There is an imminent need to provide clinicians and HLA laboratories with beadsets coated
only with Face 1 (closed conformers) and not admixed with Face-2 (open conformers) of
HLA. Therefore, we have undertaken [72,73] detailed studies on the sera of end stage
renal disease patients confirming that LABScreen-beadsets (LS) are coated with both Face-1
and Face-2 versions of HLA-I antigens, while LIFECODES-beadsets (LC) are devoid of
Face-2. Serum IgG antibodies of the end-stage renal disease patients from two different
cohorts [72,73] were examined for allo-HLA reactivity to the SABs from both vendors.
The results confirm significant inter- and intraindividual variability in the number and
strength of HLA antibodies monitored using SABs from the two vendors. Sera that reacted
strongly with LABScreen SABs (>13,000 MFI) but weakly or not at all with LIFECODES
SABs (<1000 MFI) gave negative T and B cell flow cross match (FCXMs). In contrast,
sera that reacted with LIFECODES SABs (>13,000 MFI) but weakly with LABScreen SABs
(<2100 MFI) exhibited positive FCXMs [56]. Thus, detection of antibodies directed against
Face-2 in SAB assays may lead to inappropriate listing of unacceptable antigens, refusal of
a potential donor, or unnecessary pre- or post-transplantation desensitization protocols.
2.6. Overexpression of Face-2 in Malignant Cells
Both Face-1 and Face-2 of HLA class-I molecules on the surface of cancer cells are
specifically identified by the following antibodies: mAb W6/32 for Face-1 and for Face-2 by
mAbs LA-45, LHC10, L31, and M38 [74–76]. Using mAb L31, Marozzi et al. [77] analyzed
the Face-2 expression in neuroblastoma (NB) cell lines IMR-32 and LAN-1 and showed that
cell surface expression of Face-2 is regulated post-translationally based on the following
observations. These cell lines barely expressed Face-2 (mAb L31-positive) and Face-1
(mAb W6/32-positive) molecules in the basal state, but overexpressed Face-2 molecules
upon differentiation with either retinoic acid or serum starvation. The expression was
not accompanied by an increase of cell surface Face-1. In contrast, recombinant IFN-γ
treatment led to the expression of Face- 1 on the cell surface on NB cell lines. No changes in
the synthesis of either HLA-I and β2m mRNAs or of L31-positive Face-2 were observed in
differentiated NB cells. Based on these findings, they conclude that the surface expression
of Face-2 is regulated post-translationally.
Martayan et al. [78] examined both Face-1 and Face-2 expression in the renal carcinoma
cell line KJ29, which is characterized by the loss of one copy of the β2m-gene, before and
after transfection of β2m gene. They used three different mAbs to monitor the expression
of the two Faces of HLA, they used L31(α1 of heavy chain of HLA-1), W6/32 (α2 region)
and Q1/28 (α3 region). Transfection with β2m causes a coordinate change in the mAb
reactivity of the three domains of HLA-C molecules. It was shown that the assembly with
β2m affects the folding of not only the α1 and α2, but also of the α3 domain. The data
demonstrated an impaired ability of Face-2 HLA-C to properly fold and largely remained
as Face-2, even after transfection.
Giacomini et al. [79] have shown that the binding of mAb L31 depends on the presence
of an aromatic residue at position 67. Essentially, the mAb L31 binds to all HLA-C alleles.
The investigators tested L31 binding on several human tumor cells lines: HF-29 (colon
carcinoma), MCF-7, SK BR-3, CPT-1, DAL-1 and VNT-1 (breast carcinoma), SK OV-3,
(ovarian carcinoma), T24 (bladder carcinoma), AQB-1, Colo 38, SK Mel-37, SK Mel-39
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(melanoma) and KJ29 (renal carcinoma). In addition, they have also tested snap frozen
normal breast tissues and several cancer tissues. Most importantly, the L31 reactivity was
observed on both the cytoplasm and on the cell surface of these tumor cells. The exposure
of viable cells (HT-29, colon carcinoma) to IFN-γ upregulated the expression of both Face-1
(W6/32 positive) and Face-2 (L31 positive) molecules on the cell surface.
Furthermore, two popular commercial mAbs (MEM-E/02 and 3D12) marketed as
HLA-E specific, which has been refuted by extensive research [50,51]. The binding of
MEM-E/02 is selectively inhibited by two of the shared peptides (137 DTAAQI142 and
115 QFAYDGKDY123 ) but not inhibited by the peptide sequences specific for HLA-E When
mAb 3D12 reactivity [80] was re-evaluated, using LABScreen beads coated with Face-1 admixed with Face-2 of HLA-A, HLA-B and HLA-C alleles, it simulated the reactivity of MEME/02 [51]. Therefore, it is inappropriate to designate those mAbs as HLA-E specific. However, both MEM-E/02 and 3D12 were used with the intention of localizing HLA-E on the
cell surface of breast cancer [81,82], ovarian and cervical cancer [83,84], melanoma [85,86],
glioblastoma [87–91], laryngeal carcinoma [92], colorectal carcinoma [93–95], renal cell
carcinoma [96,97], and lymphoma [98]. Using HLA-E (Face-2) polyreactive antibodies may
lead to errors in interpreting the results of immunodiagnosis of HLA-E on tissues and
cancer cells. Since Face-2 is recognized as an important component of cancer cells, these
polyreactive mAbs can never be diagnostic tool for tumor-associated HLA-E.
A mAb used for the immunodiagnosis of a specific allele should be monospecific and
should be verifiable by blocking the binding with the allele specific epitopes or peptides
(Figure 4B) see also [55]. We [55,99] have generated and identified an HLA-E monospecific
monoclonal antibody (TFL-033). Identifying the epitopes unique to HLA-E, and dosimetric
inhibition using the HLA- E specific epitopes, we could confirm the HLA-E monospecificity
TFL-033 [55,99]. In contrast to MEM-E/02 and 3D12, TFL-033 is not reactive with any of the
HLA class I alleles other than HLA-E. Comparing the HLA-E monospecific mAb TFL-003
and HLA-I isoforms-polyreactive MEM-E/02, Sasaki et al. [100] immunostained the cell
surface of different types and stages of gastric cancer, as summarized in Figure
5. 26These
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2.7. Homodimerization of HLA-I Face-2: The Face-3

Evidently, activated tumor cells (with metastatic potential) may over express Face-2.
That the Face-2 molecules expressed on the cell surface have the propensity to interSuch exposure
may result in antibody production against Face-2. We have documented
act with other Face-2 molecules was first proposed by Arosa et al. [64]. The available literature documents that the cysteine residues exposed in Face-2 may contribute to this interaction resulting in Face-3 molecules (homodimers if both HCs are from the same allele).
Clear evidence is available with reference to HLA-B27, HLA-C and HLA-G (vide infra).
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that the Face-2 (or open conformer) polyreactive IgG2a mAbs TFL-006 and TFL-007 [52–54]
are capable of suppressing IgG production by CD19+ B cells and proliferation of CD4 T
cells [54,100,101]. The natural occurrence of such immunosuppressive anti-Face-2 antibodies may promote tumor progression and metastasis and anti-Face-2 mAbs can serve as
valuable tool for passive immunotherapy of human cancers.
2.7. Homodimerization of HLA-I Face-2: The Face-3
That the Face-2 molecules expressed on the cell surface have the propensity to interact
with other Face-2 molecules was first proposed by Arosa et al. [64]. The available literature
documents that the cysteine residues exposed in Face-2 may contribute to this interaction
resulting in Face-3 molecules (homodimers if both HCs are from the same allele). Clear
evidence is available with reference to HLA-B27, HLA-C and HLA-G (vide infra).
2.8. Face-3 of HLA-B27
HLA-B27 is associated with the development of common inflammatory rheumatic
diseases such as the spondyloarthritides (SPA), ankylosing spondylitis (AS), and reactive arthritis [102]. HLA-B27 is also associated with inflammatory eye disease, anterior
uveitis [103]. HLA-B27 is devoid of β2m and HLA-II in a transgenic mouse model that
develops arthritis. There are two major characteristics of HLA-B27 that distinguished it
from other HLA Face-1 molecules. One, it has a tendency to misfold [104,105] and appear
as Face-2 molecules. The other, the free HC (Face-2) in B27 has an unpaired cysteine
residue (Cys67 ) in α1, just above the peptide binding domain. This unique feature of
Face-2 of B27 leads to the finding that the cysteine carrying Face-2 molecules bind with
peptide [46,106–108], and have a propensity for forming heavy chain homodimers (Face-3)
on the cell surface [106,109,110]. The newly synthesized HLA-B27 HCs oligomerized in
disulfide-linked complexes, including dimer-sized structures. The misfolded HLA-B27
oligomers accumulated in HeLa cells, even in the presence of an intact class-I assembly
pathway. Dangoria et al. [104] showed that the formation of the homodimer was dependent
on the unpaired cysteine at position 67 (Cys67 ).
Allen et al. [106] reported that the Face-2 of HLA-B27 can homodimerize to form Face-3
HLA-B27. While the Face-2 of HLA-B27 is recognized using mAbs HC-10 and ME1 but not
by using W6/32, the homodimer (Face-3) was recognized on the cell surface by W6/32,
particularly in the absence of β2m. Using surface labeling and immunoprecipitation, it was
shown that in the absence of β2m, HLA-B27 heavy chain homodimers (termed HC-B27)
were stabilized with a known peptide epitope. The “HC-B27” is a typical example of Face-3.
Naturally occurring cell surface Face-3 (HLA-B27 homodimers) are hypothesized to
be recognized by killer immunoglobulin receptors (KIR, such as KIR3DL2) in the leukocyte
immunoglobulin-like receptor family (LILR), and trigger inflammation [110]. The splenocytes (primarily T and B lymphocytes) from transgenic rats accumulate significant amounts
of HLA-B27 heavy chain monomers (Face-2) and disulfide-linked oligomers (Face-3) [111].
Antoniou and others [112] documented that the ability to form homodimers (Face-3) is not
restricted to HLA-B27. Homodimerization can be induced in other HLA-I molecules by
slowing the rate of egress from the ER (e.g., by culture at 26 ◦ C) and can be mediated by
cysteines other than Cys67, including Cys164. The assembly kinetics of HLA-B27 in the ER
is slower than many other HLA-I molecules, primarily as a result of the specific residues
forming the peptide-binding groove. This increase in the time taken for the heavy chain to
fold and exit the ER appears to contribute to the accumulation of misfolded ER-resident
molecules, which leads to ER stress and the initiation of the unfolded protein response
(UPR) [111].
HLA-B27 contains a relatively rare unpaired cysteine at position 67 in the peptidebinding groove, which has been implicated in the formation of these cell surface Face 3 HC
dimers. These are generated via recycling of unstable fully folded HLA -I heterotrimers
on the cell surface of a variety of cells such as human lymphoid cell lines [109], as well
as on stimulated lymphoid cells from B27+ transgenic rats and on mononuclear cells of
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synovial and peripheral blood of B27+ patients with ankylosing spondylitis [110,113,114].
Additionally, it was documented that in both the dendritic-cell-like cell line KG1 transfected
with HLA-B27 and in primary human monocyte-derived dendritic cells (DC) from HLAB27+ individuals, dimers can be detected upon DC maturation [115]. HLA B27 homodimers
on the surface of T-cells, monocytes, and natural killer cells may trigger innate immune
mechanisms through binding to KIRs [116].
HLA-B27 expresses four unpaired cysteines (C) at positions 67, 101, 164, and 203
(Table 4). Allen et al. [106] and Bird et al. [109] showed that C67, located within the antigen
binding groove, participated in the dimerization of HLA-B27 heavy chains, of which there
are two populations: one is on cell surface and the other is ER-resident, and they are
formed independently. In addition, HLA-I heavy chains possess four conserved C residues,
which form two structurally important disulfide bonds within the α2-domain between
C101–C164 and the α3-domain between C203–C259. Lenart et al. [117] showed that the
structurally conserved cysteines 101 and 164 do participate in HLA-B27 dimerization. Using
reducing and oxidation reactions, they demonstrated that HLA-B27 forms conformationally
distinct dimeric species. Further analysis of HLA-B27 dimers indicated a nonhomogenous
population involving C164 in ER HLA-B27 dimer formation. They further documented that
the non-availability of both C164 and C67 during misfolding may also enable dimerization
via C101.
Table 4. Cysteine residues exposed in Face-2 of HLA isoforms, capable of interacting within Face-2
same alleles or Face-3 of other alleles of the HLA-I isoforms present in the same cell.
Cysteine Position
Alleles of HLA-I Isoforms
B *1401/2/3/4/5/6
B *1509/10/66
B *2701/2–17/19–36
B *3801/2/4/5/8–15
B 41*3901/3–7/9/12/14/15/18/19/22/24/26–37/41
B *7301
B *7803
almost All C* alleles
almost All A* alleles
HLA-E
HLA-F
HLA-G

42

67

101

164

203

259

C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C
C

C
C
C

C

2.9. Face-3 of HLA-G
HLA-G exhibits limited polymorphism. Its expression is restricted to the invasive
extravillous trophoblasts of the decidua, and to tumor cells. Conventional HLA-G is expressed on the cell surface as β2m-associated HCs or Face-1. Comparison of the sequence of
the HLA-G molecule to other HLA-I proteins revealed two unique cysteine residues located
in positions 42 and 147. Boyson in the Strominger team [118] demonstrated that HLA-G
forms disulfide-linked homodimers that are present on the cell surface. Immunoprecipitation of HLA-G revealed the presence of a 78-kDa form of HLA-G HC that was reduced
by using DTT to a 39-kDa form. Mutation of Cys-42 to serine-42 completely abrogated
dimerization of HLA-G, suggesting that the disulfide linkage formed exclusively through
this residue. These findings were confirmed by other investigators as well [119].
2.10. Heterodimerization of Two Different HLA-I Heavy Chains: Face-4
It is also evident from the above reports that the open conformers or Face-2 have
exposed cysteine residues in α1 and α2 helices that contribute to homodimerization of two
Face-2 molecules. This raises several questions: Do the Face-2 cysteine residues of two
open conformers get united in the endoplasmic reticulum, or post-translationally on the
cell surface, or during cell activation by cytokines, or during capping or aggregation of
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Face-2 molecules on the cell surface? Lenart et al. [117] have shown that cysteine residues
located at position 101 and 164 could also contribute to homodimerization. The cysteine
residues are located at different positions in HLA-I isoforms as shown in Table 4. Cysteine
at position 67 is found in several B alleles. Theoretically, all Face-2 HLA-I isoforms are
capable of homodimerization since all of them possess cysteine. The question still remains
whether dimerization occurs between Face-2 of the same allele or between two different
alleles. Essentially, the presence of Face-2 implies the exposure of the cryptic sequences.
The epitopes or eplets (3–5 amino acids) are not only recognized by antibodies and other
cell surface ligands overexpressed upon cell activation, but also such interaction may occur
between two different alleles expressed as Face-2 on the cell surface. We hypothesize that
the linkage may not be restricted to cysteine residues but may also involve salt linkage,
H-bonding, and van der Waal forces.
Although heterodimerization of two different Face-2 alleles has not been extensively
studied, an analytical investigation on HLA-F renders promise for the existence of Face-4
of HLA. Although HLA-F is found intracellularly, it is not expressed in the majority of cells.
Cell surface expression of HLA-F is detected on B cells and monocyte cell lines and in vivo
on extravillous trophoblasts into maternal decidua [120–123]. Though intracellular HLA-F
expression was observed in all resting lymphocytes, the surface expression was upregulated
upon activation of B cells, T cells, NK cells and monocytes [120–123]. Goodridge and
others [124] demonstrated that any of HLA-I HCs would interact with HLA-F only when
the latter was in the form of an open conformer. This interaction was directly observed by
coimmunoprecipitation and by surface plasmon resonance and indirectly on the surface
of cells through coincident tetramers and HLA-I Face-2 colocalization. The data indicate
that HLA-F is expressed as Face-2, and it has physical interaction with HLA-I heavy chains
(Face-2). Furthermore, based on these data and the differential coimmunoprecipitation
experiments, it appears likely that more than one complex form of HLA-F is expressed,
with some or all complexed with HLA-I HCs. Taken together, this study provides evidence
of at least three different forms of HLA-F based on differential staining of surface HLA-F
using mAbs 4A11 and 3D11 over the course of lymphocyte activation and the unique 4B4
binding pattern. The authors also speculate that “HLA-F and MHC-I HC interactions can
occur in trans between cells” (p. 6206).
Interaction of the HCs of various HLA-I isoforms with HLA-F HC is not surprising
because of the possibility of HLA-I HCs to dimerize with the polypeptides of insulin
and epidermal growth factor receptors on the cell surface [125–127]. Can ‘’non-MHC
heterodimer” be considered as the Face-5 of HLA, since it may differ in biological function [125–128]? Reviewing the emerging roles of HLA-F in immune modulation and viral
infection, Lin and Yan [129] categorized functional roles for different faces of HLA-F. Face-1
of HLA-F is shown to be recognized by the inhibitory receptors immunoglobulin (Ig)-like
transcript receptor 2 (ILT2) and ILT4) (130). Face-2 of HLA-F can be recognized with the
highest affinity by the activating receptor KIR3DS1(128). Face-3 and Face-4 may interact
with NK cell and T-cell receptors. More investigations are needed to confirm these interactions. However, caution should be exercised while testing these interactions between Face-2
and other molecules. Generating acid or thermally denatured Face-2 on beadsets [130] for
evaluating these interactions could be far from reliable. Assessment of these interactions
with naturally expressed Face-2 molecules such as that of HLA-B, HLA-C and HLA-F
would be highly valuable.
3. Significance of the Faces of HLA-I
Each of us have six pairs of HLA class-I isoforms, HLA-A, HLA-B, HLA-C, HLA-E,
HLA-F and HLA-G on the surface of immune and other cells. The allelic forms of these
isomers can be identified using the sequence-specific oligonucleotide (SSO) and sequencespecific primer (SSP) technologies [131,132]. HLA laboratories in the US are required by
the United Network for Organ Sharing (UNOS) to report HLA-A, -B, -C, Bw4, Bw6, -DRB1,
-DRB3/4/5, −DQA1, -DQB1, -DPB1. Therefore, the research laboratories focus almost
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entirely on Face-1 of HLA isoforms. However, the report of Schnabl et al. [58] indicating that
the activated T-cells express open conformers (Face-2) is a turning point on understanding
the other Faces of HLA. New findings on Face-2 began to emerge, particularly pertaining
to cysteine residues at position 67. In addition to the relevance of C67 to genesis of arthritis
and uveitis, it leads to our understanding of the HLA-I homodimers (Face-3). Again,
since HLA-B27 carried C67, the observations on homodimerization was restricted to B27.
Further investigations may reveal the genesis of Face-3 and Face-4, since several alleles of
other HLA isoforms also express C in the open conformers (Table 4). Although pairings
of these cysteines between two Face-2 molecules were observed in B27, the pathobiology
of these pairings is still unknown. For Face-2 molecule interactions to occur, other forces
such as H-bonding, Salt linkage, and van der Waal forces could be involved. All aspects
of homodimerization of Face-2 leading to the genesis of new HLA molecules are still
in the early stages of research. It is often envisaged that the dimerization occurs in the
endoplasmic reticulum. However, there is a strong possibility that the homo- or even
heterodimerization can occur on the cell surface of activated cells. One possible reason is
the overexpression of Face-2 of six pairs of HLA isoforms on the cell surface. Evidence from
the studies made on HLA-F suggests that Face-2 can pair with its own allele or other HLA-I
Face-2 molecules. Paucity of such observations and information on other HLA isoforms
emphasizes the need for more research.
This is particularly important since Face-2, Face-3, and Face-4 could be considered as
novel antigens. These Faces of HLA-I are of great interest in generating antibodies against
diversified epitopes, generated by either monomerizaton or homo- and heterodimerization
of the HLA heavy chains. The polyreactive antibodies (TFL- 006, and TFL-007) generated
by Face-2 are capable of suppressing blastogenesis of CD4+ T cells and proliferation
and antibody production of B cells [54,100,101]. In addition, Face-2 of HLA-E generated
monospecific mAbs (TFL-033) that can bind to Face-1 of HLA-E specifically. The NK cell
cytotoxic capability is lost when tumor-associated HLA-E binds to the CD94/NKG2A
receptor, resulting in tumor progression and reduced survival. TFL-033 binding to HLA-E
may prevent interaction with receptors (CD94/NKG2a) of NK cells and promote tumor
cytotoxicity. Indeed, TFL-033 is capable of upregulating CD8+ T lymphocytes for antigenspecific tumor killing [55,133].
Carrido [134] has examined extensively the loss of HLA class-I on human cancer
cells during tumorigenesis and metastasis. This review favors the assumption that the
paucity of Face-1 on human tumor could also be due to transformation of Face-1 to Face-2,
Face-3, and Face-4. These transformed faces of Face-1 HLA-I molecules are indeed novel
antigens and serve as the primary targets for passive and active specific immunotherapy
of many cancers [135] One such well known novel antigen is O-acetylated sialic acid on
gangliosides, which are used as target antigens for an allogenic melanoma vaccine [136,137].
Face-1, Face-2 and Face-3 can be incorporated onto liposomes [138,139] or extra cellular
vesicles to be used as vaccines. Klareskog et al. [140] have developed a protocol to making
HLA-containing liposomes, which would be valuable to develop HLA-liposome vaccines
to target the novel faces of HLA. More investigations are needed to fully understand the
functional roles of these new faces of HLA-I in human diseases.
4. Conclusions
In this review, HLA-I molecules are classified into four categories (Face-1, Face-2, Face3, and Face-4). Natural cell-surface Face-1 is glycosylated, in contrast to the recombinant
Face-1 coated on solid matrices used to monitor anti-HLA antibodies. Cells activated during
inflammation by chemo- and cytokines, the cells may express β2m-free monomeric HCs
(Face-2). Anti-H polyclonal serum and mAbs LA45, L31, TFL-006, and TFL-007 recognize
Face-2. Importantly, Face-2 is commonly overexpressed in malignant cells, and therefore,
they may serve as an important target for passive and active specific immunotherapy or
vaccines. Face-2 exposes cryptic sequences masked by β2m in Face-1. Often these sequences
are shared among different isoforms and their alleles, referred to as public epitopes. The
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public epitopes serve as targets for immunoregulatory therapies such as IVIg therapy.
They elicit antibody responses which are polyreactive. Such polyreactive antibodies occur
in non-alloimmunized normal males. Recent investigations document the presence of
pathogenic anti-Face-1 antibodies as well as non-pathogenic anti-Face-2 antibodies in end
stage organ diseases and in cancer and transplant patients. The emergence of Face-1 specific
iBeads or Immucor (LIFECODES) beads serves to distinguish anti-Face-1 antibodies from
anti-Face-2 antibodies. Suppression of blastogenesis and proliferation of CD4+ T cells by
highly polyreactive anti-Face-2 mAbs (e.g., TFL-006 and TFL-007) point out that they can
be potential immunotherapeutic agents for controlling tumor progression.
The homodimerization of Face-2 generates Face-3 molecules. This interaction involves
cysteine residues in HCs. Face-3 of HLA-B27 is associated with inflammatory rheumatic
diseases. Face-3 of HLA-G expression is restricted to the invasive extravillous trophoblasts
of the decidua, and to tumor cells.
Face-4 is a consequence of dimerization of Face-2 of two different alleles or isomers
and is frequently observed on the cell surface. HLA-F and HLA-I HC interactions can occur
in trans between cells. Naturally occurring cell surface Face-3 is recognized by KIRs (such as
KIR3DL2) and may trigger inflammation. The different Faces of HLA-F are also recognized
by the inhibitory receptors 2 (ILT2) and 4 (ILT4). Face-2 of HLA-F can be recognized with
the highest affinity by the activating receptor KIR3DS1. Face-3 and Face-4 may interact with
NK cell and T-cell receptors. While Face-1 is primarily involved in antigen presentation,
the other faces of HLA-I may interact with inhibiting and activation receptors associated
with inflammation.
Evidently, the Face-3 and Face-4 formed because of formation of homodimers and
heterodimers is bound to generate novel conformationally altered epitopes. Identifying
these epitopes will open a new chapter in vaccine-mediated immunotherapy of cancer and
other diseases. Thus these faces of HLA may vary with various pathological conditions
such as inflammation, malignancy and transplantation. Inter- and intra-cellular molecules
of these faces could also improve our understanding of disease physiopathology. These
faces of HLA could be proposed as excellent and practical targets for immunodiagnosis of
cancer and other diseases and could serve as valuable novel targets for vaccine-mediated
active specific immunotherapy.
Different faces of HLA-I have not been fully explored. Lack of monospecific antibodies
is a significant issue. Today more than ever, immunologists need to identify the novel faces
of HLA and their monospecific mAbs to refine both diagnosis and therapy.
Author Contributions: Conceptualization: M.H.R., N.M.R., E.J.F., S.R.S., C.J.A.-M., F.E.H.; Methodology: M.H.R. Original Draft preparation: M.H.R., N.M.R.; Critical review of the draft original and final
versions: F.E.H., S.R.S., C.J.A.-M.; Extensive Revision of the final version: F.E.H., S.R.S. All authors
have read and agreed to the published version of the manuscript.
Funding: Funding is provided by Mark Tereasaki from his personal funds.
Institutional Review Board Statement: Not relevant for this review.
Informed Consent Statement: Not relevant for this review.
Data Availability Statement: Data are archived in Terasaki Foundation Laboratory in the laboratory
division of Mepur H. Ravindranath.
Acknowledgments: This review is dedicated to Late Paul Terasaki for his invaluable guidance and
for inculcating enthusiasm and passion to study Human Leukocyte antigens in depth, to Jack L.
Strominger and Peter Parham for their outstanding and stimulating contributions in the fields of
HLA and human diseases, to Fernando Arosa, for the thought-provoking articles on the dynamics of
closed and open conformers and to Frederico Garrido for the outstanding analysis of role of MHC
Class-I loss in cancer immune escape. First author greatly indebted to Mark Terasaki for providing
necessary support and encouragement to undertake the project.
Conflicts of Interest: The authors declare no conflict of interest.

Vaccines 2022, 10, 339

19 of 24

Abbreviations
Abs: antibodies; Ag: antigen; AS: ankylosing spondylitis; BFA: Brefeldin A; β2m: beta-2
microglobulin; C: cysteine; CTL; cytotoxic T lymphocytes; DSA: donor specific antibodies; EBV:
Epstein-Barr Virus; ER: endoplasmic reticulum; FCXM; Flow Cross Match; HLA: Human Leukocyte Antigens; HC: heavy chain; IL-2: interleukin-2; IL2-R Interleukin 2 receptor; KIR3DL2: Killer
cell immunoglobulin-like receptors 3 with long immunoglobulin like domain; KIR3DS1: Killer cell
immunoglobulin-like receptors 3 with short immunoglobulin like domain; LILR: Leukocyte immunoglobulin like receptor; mAb: monoclonal antibodies; MFI: mean fluorescent intensity; MMP:
matrix metalloproteinases; NeuAc: N-acetyl neuraminic acid (sialic acid); NeuGc: N-glycosyl neuramic acid; 9-O-NeuAc: 9-O-acetyl N-acetyl neuraminic acid; 9-O-NeuGc: 9-O-acetyl N-glycolyl
neuraminic acid); NK cells: natural killer cells; PHA; phyohemaggluinin; PMA: phoebe myristate
acetate; SAB: single antigen Bead; SpA: spondyloarthritides; SSO: sequence specific oligoneucleotide;
SSP: sequence-specific primer TcR: T-cell receptor; TAP: Transporters-associated with antigen processing; UNOS: United Network for Organ Sharing; UPR: unfolde protein response.

References
1.
2.
3.
4.
5.
6.
7.

8.

9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.

Param, P. Genomic Organization of the MHC: Structure, Origin and Function. Immunol. Rev. 1999, 167, 1–379.
Arosa, F.A.; Esgalhado, A.J.; Padrão, C.A.; Cardoso, E.M. Divide, Conquer, and Sense: CD8 + CD28-T Cells in Perspective. Front.
Immunol. 2017, 7, 665. [CrossRef] [PubMed]
Kaufman, J.; Skjoedt, K.; Salomonsen, J. The MHC molecules of Non-mammalian Verebrates. Immunol. Rev. 1990, 113, 83–117.
[CrossRef] [PubMed]
Yamaguchi, T.; Dijkstra, M. Major Histocompatibility Complex (MHC) Disease Resistance in Fish. Cells 2019, 8, 378. [CrossRef]
[PubMed]
Parnes, J.R. Molecular biology and function of CD4 and CD8. Adv. lmmunol. 1989, 44, 265–311.
Townsend, A.; Bodmer, H. Antigen recognition by class I-restricted T lymphocytes. Annu. Rev. lmmunol. 1989, 7, 601–624.
[CrossRef]
Demaria, S.; DeVito-Haynes, L.D.; Salter, R.D.; Burlingham, W.J.; Bushkin, Y. Peptide-conformed beta2m-free class I heavy chains
are intermediates in generation of soluble HLA by the membrane-bound metalloproteinase. Hum. Immunol. 1999, 60, 1216–1226.
[CrossRef]
Rizzo, R.; Trentini, A.; Bortolotti, D.; Manfrinato, M.C.; Rotola, A.; Castellazzi, M.; Melchiorri, L.; Di Luca, D.; Dallocchio, F.;
Fainardi, E.; et al. Matrix metalloproteinase-2 (MMP-2) generates soluble HLA-G1 by cell surface proteolytic shedding. Mol. Cell.
Biochem. 2013, 381, 243–255. [CrossRef]
Parham, P.; Lomen, C.; Ei Lawlor, D.A.; Ways, J.P.; Holmes, N.; Coppin, H.L.; Salter, R.D.; Wan, A.M.; Ennis, P.D. Nature of
polymorphism in HLA-A, -B, and -C molecules. Proc. Natl. Acad. Sci. USA 1988, 85, 4005–4009. [CrossRef]
Neefjes, J.J.; De Bruijn, M.L.; Boog, C.J.; Nieland, J.D.; Boes, J.; Melief, C.J.; Ploegh, H.L. N-linked glycan modification on
antigen-presenting cells restores an allospecific cytotoxic T cell response. J. Exp. Med. 1990, 171, 583–588. [CrossRef]
Barbosa, J.A.; Santos-Aguado, J.; Mentzer, S.J.; Strominger, J.L.; Burakoff, S.J.; Biro, P.A. Site-directed mutagenesis of class I HLA
genes. Role of glycosylation in surface expression and functional recognition. J. Exp. Med. 1987, 166, 1329–1350. [CrossRef]
[PubMed]
Robinson, J.; Halliwell, J.A.; Hayhurst, J.D.; Flicek, P.; Parham, P.; Marsh, S.G. The IPD and IMGT/HLA database: Allele variant
databases. Nucleic Acids Res. 2015, 43, 423–431. [CrossRef] [PubMed]
Salzberger, W.; Garcia-Beltran, W.F.; Dugan, H.; Gubbala, S.; Simoneau, C.; Gressens, S.B.; Jost, S.; Altfeld, M. Influence of
Glycosylation Inhibition on the Binding of KIR3DL1 to HLA-B*57:01. PLoS ONE 2015, 10, e0145324. [CrossRef] [PubMed]
Néel, D.; Merlu, B.; Turpin, E.; Rabourdin-Combe, C.; Mach, B.; Goussault, Y.; Charron, D.J. Characterization of N-linked
oligosaccharides of an HLA DR molecule expressed in different cell lines. Biochem. J. 1987, 244, 433–442. [CrossRef] [PubMed]
Merlu, B.; Neel, D.; Goussault, Y.; Charron, D.J. Glycosylation of human leukocyte locus A molecules is dependent on the cell
type. Eur. J. Biochem. 1989, 181, 755–760. [CrossRef]
Wilkinson, G.W.G.; Aicheler, R.J.; Wang, E.C.Y. Cytomegaloviruses: From Molecular Pathogenesis to Intervention; Reddehasse, M., Ed.;
Caister Academic Press: Wymondham, Norfolk, UK, 2013; pp. 172–190.
Yoneyama, M.S.; Tobisawa, Y.; Hatakeyama, S.; Sato, M.; Tone, K.; Tatara, Y.; Kakizaki, I.; Funyu, T.; Fukuda, M.; Hoshi, S.; et al. A
mechanism for evation of CTL immunity by altered O-glycsylation of HLA-I. J. Biochem. 2017, 161, 479–492.
Bergeron, J.J.; Zapun, A.; Ou, W.J.; Hemming, R.; Parlati, F.; Cameron, P.H.; Thomas, D.Y. The role of the lectin calnexin in
conformation independent binding to N-linked glycoproteins and quality control. Adv. Exp. Med. Biol. 1998, 435, 105–116.
Trombetta, E.S.; Helenius, A. Lectins as chaperones in glycoprotein folding. Curr. Opin. Struct. Biol. 1998, 8, 587–592. [CrossRef]
Saito, Y.; Ihara, Y.; Leach, M.R.; Cohen-Doyle, M.F.; Williams, D.B. Calreticulin functions in vitro as a molecular chaperone for
both glycosylated and non-glycosylated proteins. EMBO J. 1999, 18, 6718–6729. [CrossRef]

Vaccines 2022, 10, 339

21.
22.

23.
24.
25.

26.
27.

28.
29.
30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

20 of 24

Wormald, M.R.; Dwek, R.A. Glycoproteins: Glycan presentation and protein-fold stability. Structure 1999, 7, R155–R160.
[CrossRef]
Dustin, M.L.; Golan, D.E.; Zhu, D.M.; Miller, J.M.; Meier, W.; Davies, E.A.; van der Merwe, P.A. Low affinity interaction of human
or rat T cell adhesion molecule CD2 with its ligand aligns adhering membranes to achieve high physiological affinity. J. Biol.
Chem. 1997, 272, 30889–30898. [CrossRef] [PubMed]
Ryan, S.O.; Bonomo, J.A.; Zhao, F.; Cobb, B.A. MHC-II glycosylation modulates Bacteroides fragilis carbohydrate antigen
presentation. J. Exp. Med. 2011, 208, 1041–1053. [CrossRef] [PubMed]
Campbell, B.J.; Yu, L.G.; Rhodes, J.M. Altered glycosylation in inflammatory bowel disease: A possible role in cancer development.
Glycoconj. J. 2001, 18, 851–858. [CrossRef]
Bodger, K.; Halfvarson, J.; Dodson, A.R.; Campbell, F.; Wilson, S.; Lee, R.; Lindberg, E.; Järnerot, G.; Tysk, C.; Rhodes, J.M. Altered
colonic glycoprotein expression in unaffected monozygotic twins of inflammatory bowel disease patients. Gut 2006, 55, 973–977.
[CrossRef] [PubMed]
Barrera, C.; Espejo, R.; Reyes, V.E. Differential glycosylation of MHC class II molecules on gastric epithelial cells: Implications in
local immune responses. Hum. Immunol. 2002, 63, 384–393. [CrossRef]
Susal, C.; Ovens, J.; Mahmoud, K.; Döhler, B.; Scherer, S.; Ruhenstroth, A.; Hien Tran, T.; Heinold, A.; Opelz, G. No association of
kidney graft loss with human leukocyte antigen antibodies detected exclusively by sensitive Luminex single-antigen testing: A
Collaborative Transplant Study report. Transplantation 2011, 91, 883–887. [CrossRef]
Poli, F.; Benazzi, E.; Innocente, A.; Nocco, A.; Cagni, N.; Gianatti, A.; Fiocchi, R.; Scalamogna, M. Heart transplantation with
donor-specific antibodies directed toward denatured HLA A*02:01: A case report. Hum. Immunol. 2011, 72, 1045–1048. [CrossRef]
Pereira, S.; Perkins, S.; Lee, J.H.; Shumway, W.; LeFor, W.; Lopez-Cepero, M.; Wong, C.; Connolly, A.; Tan, J.C.; Grumet, F.C.
Donor-specific antibody against denatured HLA-A1: Clinically nonsignificant? Hum. Immunol. 2011, 72, 492–498. [CrossRef]
Salvade, I.; Aubert, V.; Venetz, J.P.; Gohayan, D.; Saouli, A.C.; Matter, M.M.; Rotman, S.; Pantaleo, G.; Pascual, M. Clinicallyrelevant threshold of preformed donor-specific anti-HLA antibodies in kidney transplantation. Human Immunol. 2016, 77, 483–489.
[CrossRef]
Courant, M.; Visentin, J.; Linares, G.; Dubois, V.; Lepreux, S.; Guidicelli, G.; Thaunat, O.; Merville, P.L.; Taupin, J.-L. The
disappointing contribution of antihuman leukocyte antigen donor-specific antibodies characteristics for predicting allograft loss.
Nephrol. Dial. Transpl. 2018, 33, 1853–1863. [CrossRef]
Kamburova, E.G.; Wisse, B.W.; Joosten, I.; Allebes, W.A.; van der Meer, A.; Hilbrands, L.B.; Baas, M.C.; Spierings, E.; Hack, C.E.;
van Reekum, F.E.; et al. Pretransplant C3d-Fixing Donor-Specific Anti-HLA Antibodies are not associated with Increased Risk for
Kidney Graft Failure. J. Am. Soc. Nephrol. 2018, 29, 2279–2285. [CrossRef] [PubMed]
McCaughan, J.; Xu, Q.; Tinckam, K. Detecting donor-specific antibodies: The importance of sorting the wheat from the chaff.
Hepatobiliary Surg. Nutr. 2019, 8, 37–52. [CrossRef] [PubMed]
Wilson, B.S.; Glassy, M.C.; Quaranta, V.; Ng, A.K.; Ferrone, S. Effect of tunicamycin on the assembly and antigenicity of HLA
antigens: Analysis with monoclonal antibodies. Scand. J. Immunol. 1981, 14, 201–205. [CrossRef] [PubMed]
Fellous, M.; Kamoun, M.; Wiels, J.; Dausset, J.; Clements, G.; Zeuthen, J.; Klein, G. Induction of HLA expression in Daudi cells
after cell fusion. lmmunogenetics 1977, 5, 423.
Hyman, R.; Stallings, V. Characterization of a TL-variant ofa homozygous TL ÷ mouse lymphoma. Immunogenetics 1976, 3, 75.
[CrossRef]
Hyman, R.; Stallings, V. Analysis of hybrids between a H-2 + TL-lymphoma and an H-2 ÷ TL + lymphoma and its H-2-TL-variant
subline. Immunogenetics 1977, 4, 171. [CrossRef]
Krangel, M.S.; Orr, H.T.; Strominger, J.L. Assembly and maturation of HLA-A and HLA-B antigens in vivo. Cell 1979, 18, 979–991.
[CrossRef]
Lancet, D.; Parham, P.; Strominger, J.L. Heavy chain ofHLA-A and HLA-B antigens is conformationally labile: A possible role for
beta2microglobulin. Proc. Natl. Acad. Sci. USA 1979, 76, 3844–3848. [CrossRef]
Ladasky, J.J.; Shum, B.P.; Canavez, F.; Seuanez, H.N.; Parham, P. Residue 3 of β2-microglobulin affects binding of class I MHC
molecules by the W6/32 antibody. Immunogenetics 1999, 49, 312–320. [CrossRef]
Parham, P.; Barnstable, C.J.; Bodmer, W.F. Use of a monoclonal antibody fW6/32) in structural studies of HLA-A, B, C antigens. J.
Immunol. 1979, 123, 342–349.
Nössner, E.; Parham, P. Species-specific differences in chaperone interaction of human and mouse major histocompatibility
complex class I molecules. J. Exp. Med. 1995, 181, 327–337. [CrossRef] [PubMed]
Bernabeu, C.; van de Rijn, M.; Lerch, P.G.; Terhorst, C.P. β2 -microglobulin from serum associates with MHC class I antigens on
the surface of cultured cells. Nature 1984, 308, 642–645. [CrossRef] [PubMed]
Allen, H.J.; Fraser, J.; Flyer, D.; Calvin, S.; Flavell, R. B2-microglobulin is not required for cell surface expression of the routine
class I histocompatibility antigen H-2D b or of a truncated H-2D b. Proc. Natl. Acad. Sci. USA 1986, 83, 7447–7451. [CrossRef]
[PubMed]
Vitiello, A.; Potter, T.A.; Sherman, L. The role of β2 -microglobulin in peptide binding by class I molecules. Science 1990, 25,
1423–1426. [CrossRef]
Bix, M.; Raulet, D.H. Functionally conformed free class I heavy chains exist on the surface of β2 -microglobulin negative cells. J.
Exp. Med. 1992, 176, 829–834. [CrossRef]

Vaccines 2022, 10, 339

47.
48.
49.
50.

51.

52.
53.

54.

55.
56.

57.

58.

59.
60.

61.
62.
63.
64.
65.

66.
67.
68.
69.
70.

21 of 24

Raulet, D.H. MHC class I deficient mice. Adv. Immunol. 1994, 55, 381–421.
Sege, K.; Rusk, L.; Peterson, P.A. Role of β2 -microglobulin in the intracellular processing of HLA antigens. Biochemistry 1981, 20,
4523–4530. [CrossRef]
Rock, K.L.; Gamble, S.; Rothstein, L.; Gramm, C.; Benacerraf, B. Dissociation of beta 2microglobulin leads to the accumulation of
a substantial pool of inactive class I MHC heavy chains on the cell surface. Cell 1991, 65, 611–620. [CrossRef]
Ravindranath, M.H.; Taniguchi, M.; Chen, C.W.; Ozawa, M.; Kaneku, H.; El-Awar, N.; Cai, J.; Terasaki, P.I. HLA-E monoclonal
antibodies recognize shared peptide sequences on classical HLA class Ia: Relevance to human natural HLA antibodies. Mol.
Immunol. 2010, 47, 121–131. [CrossRef]
Ravindranath, M.H.; Pham, T.; El-Awar, N.; Kaneku, H.; Terasaki, P.I. Anti-HLA-E mAb 3D12 mimics MEM-E/02 in binding to
HLA-B and HLA-C alleles: Web-tools validate the immunogenic epitopes of HLA-E recognized by the Abs. Mol. Immunol. 2011,
48, 423–430. [CrossRef]
Ravindranath, M.H.; Terasaki, P.I.; Pham, T.; Jucaud, V.; Kawakita, S. Therapeutic preparations of IVIg contain naturally occurring
anti-HLA-E Abs that react with HLA-Ia (HLA-A/-B/-Cw) alleles. Blood 2013, 121, 2013–2028. [CrossRef] [PubMed]
Ravindranath, M.H.; Zhu, D.; Pham, T.; Jucaud, V.; Hopfield, J.; Kawakita, S.; Terasaki, P.I. Anti-HLA-E monoclonal Abs reacting
with HLA-la and lb alleles like IVIg as potential IVIg-immunomimetics: An evolving therapeutic concept. Clinical Transplant.
2013, 2013, 293–305.
Ravindranath, M.H. HLA Class Ia and Ib Polyreactive Anti-HLA-E IgG2a MAbs (TFL-006 and TFL-007) Suppress Anti-HLA IgG
Production by CD19+ B-cells and Proliferation of CD4+ T-cells While Upregulating Tregs. J. Immunol. Res. 2017, 2017, 3475926.
[CrossRef]
Ravindranath, M.H.; El Hilali, F. Monospecific and Polyreactive MAbs against Human Leukocyte Antigen-E: Diagnostic and
Therapeutic Relevance. In Monoclonal Antibodies; Resaei, N., Ed.; Intech Open: London, UK, 2021; 38p.
Ravindranath, M.H.; Filippone, E.J.; Amato-Menker, C.J.; Arosa, F.A.; Das, B.; Ou, Y.; Norin, A.J. Antibodies to Cryptic Epitopes
on HLA Class I and Class II Heavy Chains Bound to Single Antigen Beads: Clinically Relevant? Transpl. Immunol. 2021, 69,
101482. [CrossRef] [PubMed]
Raine, T.; Brown, D.; Bowness, P.; Hill Gaston, J.S.; Moffett, A.; Trowsdale, J.; Allen, R.L. 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 2006, 45, 1338–1344. [CrossRef]
Schnabl, E.; Stockinger, H.; Majdic, O.; Gaugitsch, H.; Lindley, I.J.; Maurer, D.; Hajek-Rosenmayr, A.; Knapp, W. Activated human
T lymphocytes express MHC class I heavy chains not associated with beta 2-microglobulin. J. Exp. Med. 1990, 171, 1431–1442.
[CrossRef]
Bjorkman, P.J.; Saper, M.A.; Samraoui, B.; Bennett, W.S.; Strominger, J.L.; Wiley, D.C. Structure of the human class I histocompatibility antigen, HLA-A2. Nature 1987, 329, 506. [CrossRef]
Madrigal, J.A.; Belich, M.P.; Benjamin, R.J.; Little, A.M.; Hildebrand, W.H.; Mann, D.L.; Parham, P. Molecular definition of a
polymorphic antigen (LA45) of free HLA-A and -B heavy chains found on the surfaces of activated B and T cells. J. Exp. Med.
1991, 174, 1085–1095. [CrossRef]
Demaria, S.; Schwab, R.; Bushkin, Y. The origin and fate of beta 2m-free MHC class I molecules induced on activated T cells. Cell
Immunol. 1992, 142, 103–113. [CrossRef]
Aiuti, A.; Forte, P.; Simeoni, L.; Lino, M.; Pozzi, L.; Fattorossi, A.; Giacomini, P.; Ginelli, E.; Beretta, A.; Siccardi, A.; et al. Membrane
expression of HLA-Cw4 free chains in activated T cells of transgenic mice. Immunogenetics 1995, 42, 368–375. [CrossRef]
Arosa, F.A.; Santos, S.G.; Powis, S.J. Open conformers: The hidden Face of MHC-I molecules. Trends Immunol. 2007, 28, 115–123.
[CrossRef] [PubMed]
Cai, J.; Terasaki, P.I.; Anderson, N.; Lachmann, N.; Schönemann, C. Intact HLA not beta2m-free HC-specific HLA class I antibodies
are predictive of graft failure. Transplantation 2009, 88, 226–230. [CrossRef] [PubMed]
Otten, H.G.; Verhaar, M.C.; Borst, H.P.E.; van Eck, M.; van Ginkel, W.G.J.; Hené, R.J.; van Zuilen, A.D. The significance of
pretransplant donor-specific antibodies reactive with intact or denatured human leucocyte antigen in kidney transplantation.
Clin. Exp. Immunol. 2013, 173, 536–543. [CrossRef] [PubMed]
Visentin, J.; Guidicelli, G.; Moreau, J.F.; Lee, J.H.; Taupin, J.L. Deciphering allogeneic antibody response against native and
denatured HLA epitopes in organ transplantation. Eur. J. Immunol. 2015, 45, 2111–2121. [CrossRef] [PubMed]
Visentin, J.G.; Guidicelli, T.; Nong, J.-F.; Moreau, J.-F.; Merville, P.; Couzi, L.; Lee, J.-H.; Taupin, J.-L. Evaluation of the iBeads assay
as a tool for identifying class I HLA antibodies. Hum. Immunol. 2015, 76, 651–656. [CrossRef]
Michel, K.; Santella, R.; Steers, J.; Sahajpal, A.; Downey, F.X.; Thohan, V.; Oaks, M. Many de novo donor-specific antibodies
recognize β2-microglobulin-free, but not intact HLA heterodimers. HLA 2016, 87, 356–366. [CrossRef]
Ravindranath, M.H.; Kaneku, H.; El-Awar, N.; Morales-Buenrostro, L.E.; Terasaki, P.I. Abs to HLA-E in alloimmunized males:
Pattern of HLA-Ia reactivity of anti-HLA-E-positive sera. J. Immunol. 2010, 185, 1935–1948. [CrossRef]
Ravindranath, M.H.; Flippone, E.J.; Mahowald, G.; Callender, C.; Babu, A.; Saidman, S.; Ferrone, S. Significance of the intraindividual variability of HLA IgG antibodies in renal disease patients observed with different SABs monitored with two different
secondary antibodies on a Luminex platform. Immunol. Res. 2018, 66, 584–604. [CrossRef]

Vaccines 2022, 10, 339

71.

72.
73.
74.

75.
76.

77.
78.

79.

80.
81.

82.

83.

84.
85.

86.
87.
88.

89.

90.

91.

92.

22 of 24

Ravindranath, M.H.; Ravindranath, N.M.; Amato-Menker, C.J. Luminex Multiplex Bead Assay monitoring HLA IgG antibodies
in sensitized pre- and post-transplant patients: Clonality of the Detection Antibody Impacts Specificity and Sensitivity. Appl. Sci.
2021, 11, 6430. [CrossRef]
Ravindranath, M.H.; Jucaud, V.; Ferrone, S. Monitoring native HLA-I trimer specific antibodies in Luminex multiplex single
antigen bead assay: Evaluation of beadsets from different manufacturers. J. Immunol. Methods 2017, 450, 73–80. [CrossRef]
Jucaud, V.; Ravindranath, M.H.; Terasaki, P.I. Conformational Variants of the Individual HLA-I Antigens on Luminex Single
Antigen Beads Used in Monitoring HLA Antibodies: Problems and Solutions. Transplantation 2017, 101, 764–777. [CrossRef]
Algarra, I.; Garcia-Lora, A.; Cabrera, T.; Ruiz-Cabello, F.; Garrido, F. The selection of tumor variants with altered expression of
classical and nonclassical MHC class I molecules: Implications for tumor immune escape. Cancer Immunol. Immunother. 2004, 53,
904–910. [CrossRef] [PubMed]
Stam, N.J.; Spits, H.; Ploegh, H.L. Monoclonal antibodies raised against denatured HLA-B locus heavy chains permit biochemical
characterization of certain HLA-C locus products. J. Immunol. 1986, 137, 2299–2307. [PubMed]
Grassi, F.; Meneveri, R.; Gullberg, M.; Lopalco, L.; Rossi, G.B.; Lanza, P.; De Santis, C.; Bratsand, G.; Butto, S.; Ginelli, E.; et al.
Human immunodeficiency virus type 1 gpl20 mimics a hidden monomorphic epitope borne by class I major histocompatibility
complex heavy chains. J. Exp. Med. 1990, 174, 53–62. [CrossRef]
Marozzi, A.; Meneveri, R.; Bunone, G.; De Santis, C.; Lopalco, L.; Beretta, A.A.; Agresti, A.; Siccardi, A.G.; Della Valle, G.;
Ginelli, E. Expression of beta 2m-free HLA class I heavy chains in neuroblastoma cell lines. Scand. J. Immunol. 1993, 37, 661–667.
Martayan, A.; Fiscella, M.; Setini, A.; Ciccarelli, G.; Gambari, R.; Feriotto, G.; Beretta, A.; Siccardi, A.G.; Appella, E.; Giacomini, P.
Conformation and surface expression of free HLA-CW1 heavy chains in the absence of beta 2-microglobulin. Hum. Immunol.
1997, 53, 23–33. [CrossRef]
Giacomini, P.; Beretta, A.; Nicotra, M.R.; Ciccarelli, G.; Martayan, A.; Cerboni, C.; Lopalco, L.; Bini, D.; Delfino, L.; Ferrara, G.B.;
et al. HLA-C heavy chains free of beta2-microglobulin: Distribution in normal tissues and neoplastic lesions of non-lymphoid
origin and interferon-y responsiveness. Tissue Antigens 1997, 50, 555–566. [CrossRef]
Lee, N.; Goodlett, D.R.; Ishitani, A.; Marquardt, H.; Geraghty, D.E. HLA-E surface expression depends on binding of TAPdependent peptides derived from certain HLA Class I signal sequences. J. Immunol. 1998, 160, 4951–4960.
Sensi, M.; Pietra, G.; Molla, A.; Nicolini, G.; Vegetti, C.; Bersani, I.; Millo, E.; Weiss, E.; Moretta, L.; Mingari, M.C.; et al. Peptides
with dual binding specificity for HLA-A2 and HLA-E are encoded by alternatively spliced isoforms of the antioxidant enzyme
peroxiredoxin 5. Int. Immunol. 2009, 21, 257–268. [CrossRef]
de Kruijf, E.M.; Sajet, A.; van Nes, G.H.; Natanov, R.; Putter, H.; Smit, V.T.H.B.M.; Jan Liefers, G.; van den Elsen, P.J.;
van de Velde, C.J.H.; Kuppen, P.J.K. HLA-E and HLA-G expression in classical HLA class Inegative tumors is of prognostic value
for clinical outcome of early breast cancer patients. J. Immunol. 2010, 185, 7452–7459. [CrossRef]
Goncalves, M.A.G.; Le Discorde, M.; Simoes, R.T.; Rabreau, M.; Soares, E.G.; Donadi, E.A.; Carosella, E.D. Classical and nonclassical HLA molecules and p16(INK4a) expression in precursors lesions and invasive cervical cancer. Eur. J. Obstet. Gynecol.
Reprod. Biol. 2008, 141, 70–74. [CrossRef] [PubMed]
Marin, R.; Ruiz-Cabello, F.; Pedrinaci, S.; Méndez, M.; Jiménez, P.; Geraghty, D.E.; Garrido, F. Analysis of HLA-E expression in
human tumors. Immunogenetics 2003, 54, 767–775. [CrossRef] [PubMed]
Derre, L.; Corvaisier, M.; Charreau, B.; Moreau, A.; Godefroy, M.; Moreau-Aubry, A.; Francine Jotereau, F.; Gervois, N. Expression
and release of HLA-E by melanoma cells and melanocytes: Potential impact on the response of cytotoxic effector cells. J. Immunol.
2006, 177, 3100–3107. [CrossRef] [PubMed]
Coupel, S.; Moreau, A.; Hamidou, M.; Horejsi, V.; Soulillou, J.-P.; Béatrice Charreau, B. Expression and release of soluble HLA-E is
an immunoregulatory feature of endothelial cell activation. Blood 2007, 109, 2806–2814. [CrossRef] [PubMed]
Wischhusen, J.; Friese, M.A.; Mittelbronn, M.; Meyermann, R.; Weller, M. HLA-E protects glioma cells from NKG2Dmediated
immune responses in vitro: Implications for immune escape in vivo. J. Neuropathol. Exp. Neurol. 2005, 64, 523–528. [CrossRef]
Mittelbronn, M.; Simon, P.; Löffler, C.; Capper, D.; Bunz, B.; Harter, P.; Schlaszus, H.; Schleich, A.; Tabatabai, G.; Goeppert, B.; et al.
Elevated HLA-E levels in human glioblastomas but not in grade I to III astrocytomas correlate with infiltrating CD81 cells. J.
Neuroimmunol. 2007, 189, 50–58. [CrossRef]
Levy, E.M.; Sycz, G.; Arriaga, J.M.; Barrio, M.M.; von Euw, E.M.; Morales, S.B.; González, M.; Mordoh, J.; Bianchini, M. Cetuximabmediated cellular cytotoxicity is inhibited by HLA-E membrane expression in colon cancer cells. Innate Immun. 2009, 15, 91–100.
[CrossRef]
Kren, L.; Muckova, K.; Lzicarova, E.; Sova, M.; Vybihal, V.; Svoboda, T.; Fadrus, P.; Smrcka, M.; Slaby, O.; Lakomy, R.; et al. Production of immune-modulatory nonclassical molecules HLA-G and HLA-E by tumor infiltrating ameboid microglia=macrophages in
glioblastomas: A role in innate immunity? J. Neuroimmunol. 2010, 220, 131–135. [CrossRef]
Kren, L.; Slaby, O.; Muckova, K.; Lzicarova, E.; Sova, M.; Vybihal, V.; Svoboda, T.; Fadrus, P.; Lakomy, R.; Vanhara, P.; et al.
Expression of immune-modulatory molecules HLA-G and HLA-E by tumor cells in glioblastomas: An unexpected prognostic
significance? Neuropathology 2011, 31, 129–134. [CrossRef]
Silva, T.G.; Crispim, J.C.; Miranda, F.A.; Hassumi, M.K.; de Mello, J.M.Y.; Simões, R.T.; Souto, F.; Soares, E.G.; Donadi, E.A.;
Soares, C.P. Expression of the nonclassical HLA-G and HLA-E molecules in laryngeal lesions as biomarkers of tumor invasiveness.
Histol. Histopathol. 2011, 26, 1487–1497.

Vaccines 2022, 10, 339

93.

94.

95.

96.

97.

98.
99.
100.

101.

102.
103.
104.

105.

106.
107.
108.

109.
110.
111.

112.
113.

114.
115.

23 of 24

Levy, E.M.; Bianchini, M.; Von Euw, E.M.; Barrio, M.M.; Bravo, A.I.; Furman, D.; Domenichini, E.; Macagno, C.; Pinsky, V.;
Zucchini, C.; et al. Human leukocyte antigen-E protein is overexpressed in primary human colorectal cancer. Int. J. Oncol. 2008,
32, 633–641. [CrossRef] [PubMed]
Benevolo, M.; Mottolese, M.; Tremante, E.; Rollo, F.; Diodoro, M.G.; Ercolani, C.; Sperduti, I.; Monaco, E.L.; Cosimelli, M.;
Giacomini, P. High expression of HLA-E in colorectal carcinoma is associated with a favorable prognosis. J. Transl. Med. 2011, 9,
184–189. [CrossRef] [PubMed]
Bossard, C.; Bezieau, S.; Matysiak-Budnik, T.; Volteau, C.; Laboisse, C.L.; Jotereau, F.; Mosnier, J.-F. HLA-E=beta2 microglobulin
overexpression in colorectal cancer is associated with recruitment of inhibitory immune cells and tumor progression. Int. J. Cancer
2012, 131, 855–863. [CrossRef] [PubMed]
Hanak, L.; Slaby, O.; Lauerova, L.; Kren, L.; Nenutil, R.; Michalek, J. Expression pattern of HLA class I antigens in renal
cell carcinoma and primary cell line cultures: Methodological implications for immunotherapy. Med. Sci. Monit. 2009, 15,
CR638–CR643.
Kren, L.; Valkovsky, I.; Dolezel, J.; Capak, I.; Pacik, D.; Poprach, A.; Lakomy, R.; Redova, M.; Fabian, P.; Krenova, Z.; et al. HLA-G
and HLA-E specific mRNAs connote opposite prognostic significance in renal cell carcinoma. Diagn. Pathol. 2012, 7, 58. [CrossRef]
[PubMed]
Ge, S.J.; Duan, L.-N.; Luo, Y.; Suo, T.-L.; Lu, C.-R.; Tang, J. Expression of NKG2D and NKG2A with their ligands MHC-I A=B and
HLA-E in acute leukemia patients and its significance. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2011, 19, 312–316.
Sasaki, T.; Ravindranath, M.H.; Terasaki, P.I.; Freitas, M.C.; Kawakita, S.; Jucaud, V. Gastric cancer progression may involve a shift
in HLA-E profile from an intact heterodimer to β2m-free monomer. Int. J. Cancer 2014, 134, 1558–1570. [CrossRef]
Zhu, D.; Ravindranath, M.H.; Terasaki, P.I.; Miyazaki, T.; Pham, T.; Jucaud, V. Suppression of allo-human leucocyteantigen (HLA)
Abs secreted by B memory cells in vitro: Intravenous immunoglobulin (IVIg) versus a monoclonal anti-HLA-E IgG that mimics
HLA-I reactivities of IVIg. Clin. Exp. Immunol. 2014, 177, 464–477. [CrossRef]
Ravindranath, M.H.; Terasaki, P.I.; Pham, T.; Jucaud, V.; Kawakita, S. Suppression of blastogenesis and proliferation of activated
CD4(+) T-cells: Intravenous immunoglobulin (IVIg) versus novel anti-human leucocyte antigen (HLA)-E mAbs mimicking HLA-I
reactivity of IVIg. Clin. Exp. Immunol. 2014, 178, 154–177. [CrossRef]
Brewerton, D.A.; Caffrey, M.; Hart, F.D.; James, D.C.O.; Nichols, A.; Sturrock, R.D. Ankylosing spondylitis and HL-A27. Lancet
1973, 1, 904. [CrossRef]
Wakefield, D.; Clarke, D.P. Recent Developments in HLA B27 Anterior Uveitis. Front. Immunol. 2020, 11, 608134. [CrossRef]
[PubMed]
Dangoria, N.S.; DeLay, M.L.; Kingsbury, D.J.; Meaar, M.P.; Uchanska-Ziegler, B.; Ziegler, A.; Colbert, R.A. HLA-B27 misfolding is
associated with aberrant intermolecular disulfide bond formation (dimerization) in the endoplasmic reticulum. J. Biol. Chem.
2002, 277, 23459–23468. [CrossRef]
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