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Absract

The objective of this review is to elucidate the role of HLA-Ib
molecules in transplantation after elucidating their immunobiological
potential. Structurally, the non-classical HLA-Ib molecules (HLA-E,
HLA-F and HLA-G) are less polymorphic than HLA-Ia molecules.
In transplantation, HLA-Ib molecules are emerging as immune
regulators, functioning as ligands for immunomodulatory cell surface
receptors expressed by the subsets of NK and CD8+ T cells-the major
players in allograft rejection.

HLA-E is the most pleiotropic molecule in an allograft setting;
it can interact with both inhibitory (CD94/NKG2A) and activating
(CD94/NKG2C) receptors expressed by NK and CD8+ T cells. This
interaction is dependent on the nature and source of peptides
presented by HLA-E. When HLA-Ia-derived peptides are presented,
HLA-E interacts with CD94/NKG24A, inhibiting the cytotoxic cell
functions that promote graft survival. When the HLA-G leader
sequence is presented, it interacts mainly with CD94/NKG2C to
activate the cytotoxic cells, leading to graft rejection. In addition,
HLA-E can present viral and bacterial peptides that can bind to both
CD94/NKG2 receptors, and also can interact with the other receptors
of CD8+ cells, enhancing the risk of allograft rejection.

HLA-G and HLA-F can promote graft acceptance by binding
to another family of receptors: the Ig-like transcripts (ILT2/
ILT4) expressed by NK cells. Consequently, higher levels of HLA-G
on the cell surface and in circulation promote graft acceptance,
survival, and immunosuppression-free status for graft recipients. In
contradistinction, overexpression of HLA-Ib results in higher risk of
developing Graft-versus-Host Disease (GvHD) in cell transplantation.

Soluble HLA-Ib (sHLA-Ib) molecules are augmented in
circulation during injury, inflammation and transplantation. The
sHLA-Ib can be free or associated with 2-microglobulin. In addition,
sHLA-Ib molecules occur in a variety of conformations (isoform); as
a result, HLA-Ib exposes epitopes to different immune components,
contributing to antibody production. These antibodies can be
monospecific or polyreactive. Binding of the monospecific antibodies
can block the interaction of HLA-Ib with inhibitory receptors on
cytotoxic cells, affecting graft survival. Polyreactive antibodies that
bind to both cryptic and non-cryptic domains can affect routine HLA-
Ia antibody screening and organ allocation. The antibodies binding
to a cryptic domain are capable of suppressing blastogenesis and
proliferation of CD4+ T cells as well as secretion of HLA antibodies by
B cells; both could prolong graft survival.

Keywords: HLA-Ib; HLA-E; HLA-F; HLA-G; Transplantation
outcome; HLA antibodies

Abbreviations

APC: Antigen-Presenting cells; 32m: Beta2-Microglobulin;
BMT: Bone Marrow Transplantation; DSA: Donor-Specific
Antibody; ER: Endoplasmic Reticulum; GvHD: Graft-versus-Host
Disease; HLA: Human Leukocyte Antigen; HSCT: Hematopoietic
Stem Cell Transplantation; [FN: Interferon; ILT2: Ig-like Transcript
2; ILT4: Ig-like Transcript 4; MHC: Major Histocompatibility
Complex; MLR: Mixed Lymphocyte Reaction; mAbs: Monoclonal
Antibodies; NFkB: nuclear factor kB; NK: Natural Killer; sHLA:
Soluble HLA; TCR: T Cell Receptors; URR: Upstream Regulatory
Region; UTR: Untranslated Region.

Introduction

In humans, the Major Histocompatibility Complex (MHC) is
called the “Human Leukocyte Antigen” (HLA). It consists of more
than 200 genes located on chromosome 6 (6p21.31). There are
three groups in this large gene family: class I, class II, and class III.
The MHC class I genes are divided into classical HLA-Ia (HLA-A,
-B and -Cw) and non-classical HLA-Ib (HLA-E, -F and -G). The
MHC class II genes include HLA-DR, -DQ and -DP. The MHC class
I1I genes include components of the complement system involved
in inflammation and other immune system activities. Every
individual inherits a pair of each MHC gene, one maternal and the
other paternal.

The classical HLA-Ia molecules are expressed on the surface
of all nucleated cells except those of specialized tissues such as
the brain [1]. HLA-II molecules are expressed on the surface of
most endothelial cells and other specialized tissues and cells, such
as B cells [2]; indeed, HLA-II molecules are primarily expressed
by Antigen-Presenting Cells (APC) [3] and are critically involved
in promoting adaptive immunity [4,5]. Most importantly, the
endothelium, which acts as a functional barrier between the
vessel wall and the blood stream, expresses both HLA-I and -II
on its surface. In transplant immunology, cell surface HLA-Ia and
HLA-II influence the outcome of the allograft survival [6,7] due to
their high polymorphism [8,9]. Without immunosuppression, the
fate of the allograft in the host depends on the degree of genetic
compatibility between the donor and recipient, and is dependent
on the effect of the sum of matches or mismatches [10].

HLA genotypes of donor and recipient [11] and the antibodies
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generated against donor HLA in the recipient are critical for
understanding the post-transplantation course of an allograft
[12]. When a donor and a recipient do not share one or more
HLA alleles of their genotype, it is referred to as a mismatch. A
minimal mismatch between donor and recipient HLA genotypes
favors better allograft survival since mismatched HLAs become
“non-self” antigenic targets recognized by the recipient immune
system, resulting in a cell- and antibody-mediated immune
response, consequently damaging allograft integrity and function
and leading to allograft rejection.

Antibody response against a donor-derived HLA allele-
known as Donor-Specific Antibody (DSA)-can be detrimental to
allograft survival, so the evidence that, DSA is present prior to
transplantation, is critical for an appropriate organ allocation
since post-transplant DSA places the allograft at the risk of
rejection [12]. Therefore, HLA-Ia and -II, and the antibodies
generated by them in the circulation of recipients, have been
the major focus in the immunobiology of clinical transplants. It
is in this context that the recent discovery of non-classical HLA-
Ib molecules brings a new dimension to the immunobiology
of transplantation and a reappraisal of graft tolerance and/or
acceptance.

Unlike classical HLA-Ia, non-classical HLA-Ib genes and
molecules are oligomorphic, with restricted and selective tissue
distribution [13,14].Ourunderstanding of the structural dynamics
and functionality of HLA-Ib is progressively increasing, though
HLA-Ib has yet to be fully characterized. Recent reports have
attributed immunomodulatory functions to these molecules, and
antigen presentation for HLA-E only; they may play an important
role in immune responses and regulation, both in innate and
adaptive immunity-i.e., through interactions with, respectively,
Natural Killer (NK) cells, dendritic cells, and naive/ effector T
and B lymphocytes, antibodies [15]. The HLA-Ib molecules are
capable of interacting with cell-surface receptors present on
specific immune-cell subsets, inducing activation or inhibition
of signaling cascades within such specific immune cells as NK
cells [15,16]. These functions are apart of the innate immunity
[17]; e.g., HLA-Ib is expressed during pregnancy, playing a major
role in tolerance of the fetus-the only true physiological analog
of a semi-allograft [18]. Therefore, the innate immunity of HLA-
Ib is often attributed to those molecules’ tolerance-inducing
functions, by interacting with cell surface receptor located on
cells that are part of the innate immune system, such as NK cells
and macrophages.

As part of adaptive immunity [18], HLA-E is capable of
binding to peptides for antigen presentation in order to monitor
cellular stress, integrity and function [19]. HLA-G is capable of
modulating the adaptive immunity [20], as well as exerting
antigen-presenting functions, although the latter is not its
primary function [21,22]. HLA-Ib molecules also can generate
a pool of antibodies in vivo, which can be either monospecific
or polyreactive (cross-reactive with other HLA-I molecules)
[23,24], thus pointing out the immunogenic potential of HLA-Ib
molecules in vivo [25-27]. The specificity of such antibodies can
impact the outcome of transplantation, as well as the allocation of
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organs. HLA-Ib molecules are thus capable of playing a role in the
adaptive immunity linked to organ transplantation.

The low polymorphism and relative invariance of non-
classical HLA-Ib molecules seems to define their functions in the
allograft microenvironment [28]. Their precise role, whether
protective or pathogenic, remains to be clarified. As observed,
HLA-Ia and -Ib and the antibodies elicited by them may play a
role in organ transplantation. This review sheds light on this
aspect of innate and adaptive immunity in understanding the
immunobiology of HLA-Ib in transplantation.

HLA-Ib mediated innate immunity

HLA-Ib is naturally occurring molecules; they are primarily
characterized during pregnancy and are considered to play a role
in the tolerance of the fetus-the physiological equivalent of a semi-
allograft[29,30]. The engineering of HLA-Ib tetrameric complexes
was used to study their function and potential ligands [31]. Their
interaction with different immunomodulatory (activating and/
or inhibiting) cell-surface receptors present on NK cells and
macrophages signify their role in the innate immunity; these
receptors include CD94/NKG2, Ig-Like Transcript 2 (ILT2), Ig-
like transcript 4 (ILT4), KIR2DL4, and CD160.

HLA-E

HLA-E has 17 alleles (1 null allele), encoding 6 proteins [9],
and is expressed in most tissues at low levels. Like HLA-Ia, HLA-E
occurs on the surface of cells as a trimolecular complex comprised
of HLA-E heavy chain, 2-microglobulin (f2m) and a peptide.
In addition, HLA-E can be released into the microenvironment
of the allograft and in circulation as soluble HLA (sHLA)-E
[32,33]. In contrast to HLA-Ia, HLA-E binds to a restricted set of
peptides, commonly derived from the leader sequence of HLA-Ia
and HLA-G molecules [34-36]; it can also bind to viral, bacterial
and stress protein-derived peptides [15,19,37]. Two variants of
HLA-E are well studied: the difference between them lies in one
amino acid at position 107, located on a loop between (-strands
in the a2 domain of the heavy chain, one with arginine at position
107- HLA-E*01:01 (HLA-E®7)-and the other with glycine at the
same position, HLA-E*01:03 (HLA-E®%7) [38]. The difference in
the amino acid residue is significant in terms of charge, size and
conformation [28], affecting the relative peptide binding affinity
of each allele, and consequently the cell-surface expression of
HLA-E.

Several factors can upregulate HLA-E expression on normal
and malignant cells. Proinflammatory cytokines-e.g., interferon
(IFN)-y [28,39]- and the availability of several peptides [19]
upregulate HLA-E expression. HLA-E acts as both an inhibitory
and activating ligand for CD94/ NKG2 receptors on NK cells
and T lymphocytes [31]. The interaction between HLA-E and
CD94/ NKG2 receptors is influenced by the sequence of peptide
presented by HLA-E [37,40,41]. When HLA-E is loaded with a
peptide derived from the HLA-Ia leader sequence, it interacts
with the inhibitory CD94/NKG2A receptor [42,43] whereas,
when loaded with HLA-G leader sequence peptide, HLA-E
interacts mainly with the activating receptor CD94/NKG2C [36].
HLA-E loaded with viral peptides interacts with CD94/NKG2A
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in vivo, showing a higher affinity, while, in vitro, increasing the
population of NK cells that express CD94/NKG2C [41]. These
observations illuminate the immunomodulatory potential
of HLA-E. Furthermore, the HLA-E/ peptide complex plays a
crucial role in immunosurveillance mediated by NK cells and T
lymphocytes, and is thus involved in both innate and adaptive
immunity [37].

HLA-G

HLA-G has 50 alleles (2 null alleles), encoding 16 proteins
[9] with 7 protein isoforms [44]. Four of these proteins are
membrane-bound (HLA-G1,-G2, -G3 and -G4), while 3 are soluble
(HLA-G5, -G6 and -G7) [45]. HLA-G1 is the full-length heavy
chain, having a1, a2 and a3 helices, a transmembrane domain,
and a cytoplasmic tail associated with 32m. HLA-G2 lacks the
a2 domain, HLA-G3 has only the al domain, and HLA-G4 lacks
the a3 domain [44]. The three sHLA isoforms, HLA-G5, -G6 and
-G7, are the counterparts, respectively, of HLA-G1, G-2 and -G3.
HLA-G5 and -G6 retain intron 4, and HLA-G7 retains intron
2, both including a stop codon that prevents the translation of
the transmembrane domain and cytoplasmic tail [44]. The high
diversity of HLA-G molecular structures is due to the alternative
splicing of the primary transcript [46], suggesting the versatility
of HLA-G molecules in vivo.

HLA-G immunoregulatory properties are attributed mainly
to the inhibition of different immune-cell populations. The
interaction of HLA-G with immune effector cells is mediated by
ILT2 on T cells, B cells, NK cells and APC, by ILT4 on APC (myeloid
cells), by KIR2DL4 on T cells and NK cells, and by CD160 on T
cells, NK cells and endothelial cells [45]. However, earlier studies
using engineered HLA-G tetrameric complexes showed positive
binding of HLA-G on CD14+ monocytes, especially a CD16+
subset; in contrast, this HLA-G tetramer did not significantly
bind to CD56+ (NK cells), CD3+ (T cells) or CD19+ (B cells) [31].
HLA-G tetramers may fail to bind to certain ligands if the affinity
is insufficient or if cell-surface expression is low, which explains
the negative staining of immune cells having HLA-G ligand
on their surface, and also implies that the factors augmenting
both the ligand and receptors are prerequisites for initiating
immunomodulation.

HLA-F

HLA-F is the least investigated and understood of non-
classical HLA molecules, but it has a structure similar to that of
HLA-Ia and -Ib, and has 22 alleles, encoding 4 proteins [9]. Unlike
HLA-Ia, it has an intracytoplasmic domain [47]. Although HLA-F
associates with 32m [48], no information is available on peptide
presentation. It is thought to be biologically similar to other HLA-
Ib molecules, such as in pregnancy [29,30] and cancer [32,49];
HLA-F also occurs in circulation as sHLA-F [32] like other sHLA-I
molecules. However, the exact function of HLA-F remains to be
elucidated. As with other HLA-I molecules, HLA-F expression
is upregulated by IFN-y. The IFN-stimulated response element
motif of HLA-F displays higher homology to HLA-Ia loci than to
HLA-Ib loci [50]. In addition, HLA-F expression is inducible by
nuclear factor kB (NFkB) through the kB1 site of enhancer A,
located in the proximal promoter region [51].
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No cell-surface expression of HLA-F is observed on any of the
resting T-cell, B-cell, or NK-cell subsets despite the presence of
intracellular HLA-F [52]; however, it is upregulated on activated
lymphocytes [52] although there is no difference in the total level
of HLA-F proteins before or after activation. The intracellular
expression of HLA-F is independent of lymphocyte activation,
but surface expression is promoted upon activation. What are the
most important, regulatory T cells do not express HLA-F upon
activation, in contrast to memory T cells. Moreover, HLA-F was
found to be entirely dependent on its cytoplasmic tail for export
from the Endoplasmic Reticulum (ER) [53]- in contrast to HLA-
Ia molecules-suggesting an alternative function for HLA-F that is
independent of loading with peptides in the ER.

The HLA-F molecule is known to bind to the surface of
monocytes, including cells in both CD14+high and CD14+mid
populations [54] and to a subpopulation of CD19+ B cells, but
not to CD56+ NK cells or CD3+ T cells. HLA-F was shown to bind
to ILT2 and ILT4 receptors [31,54]; however, the interaction
with ILT2 and ILT4 was only partially inhibited by monoclonal
antibodies (mAbs) specific for ILT2 and ILT4. So HLA-F may also
interact with other receptors expressed on B cells and monocytes
[31]. Interestingly enough, HLA-F may dimerize or combine
with f2m-free HLA-Ia to present exogenous peptide and/or to
interact with NK cells [55-57]. This is indeed a significant finding,
and deserves attention, because of its significance in organ
transplantation.

In conclusion, HLA-Ib molecules are essential for the normal
development of human fetuses, and are able to induce the
acceptance of the fetus by the mother even though they probably
share only one HLA haplotype. It certainly would seem that the
cell-surface expression of HLA-Ib molecules on the allograft-as
well as soluble HLA-Ib in circulation-may play a role in allograft
survival, particularly considering the major actors in allograft
rejection (NK cells, CD4+ and CD8+ T cells) [58]. Figure 1
summarizes how HLA-Ib molecules expressed on the surface of
an allograft can affect transplantation outcome. Only the innate
immunity mediated by HLA-Ib molecules has been described in a
transplant setting. HLA-E expressed on the allograft interacts with
CD94/NKG2A inhibitory receptors or CD94/NKG2C activating
receptors, and this interaction depends on the peptide loaded
onto HLA-E [36]. When HLA-E is loaded with a peptide derived
from the leader sequence of HLA-Ia molecules, the HLA-E/HLA-
la-peptide complex interacts with CD94/NKG2A expressed on NK
and T cells [36,37], which leads to the inhibition of cytotoxicity
[40] and cell-mediated damage of the allograft tissue and, in turn,
leads towards graft acceptance. In contrast, HLA-E loaded with
a peptide derived from the leader sequence of HLA-G molecules
will preferentially bind to CD94/NKG2C activating receptors
[41], leading to the activation of cytotoxicity and secretion of
cytokines, in turn promoting antibody production and eventually
graft loss. This is important from the perspective of viremia
(CMV, BK virus) associated with the allograft as part of adaptive
immunity. HLA-G expressed on the allograft interacts with ILT2,
ILT4 and KIR2DL4 receptors on NK and T cells, leading to the
inhibition of cytotoxicity and possibly towards graft acceptance
[29,45]. Similarly, HLA-F will interact with ILT2 and ILT4
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Figure 1: The innate interaction between HLA-Ib molecules and their respective immune receptors can affect transplantation outcomes. HLA-E mol-
ecules expressed on the surface of the allograft, can present peptides derived from the leader sequence of HLA-Ia and HLA-G. When HLA-E is present-
ing a non-allogeneic peptide, allograft cells inhibit the cytotoxic activity of NK and T cells by interacting with CD94/NKG2A receptors, inducing graft
acceptance. However, HLA-E loaded with a peptide derived from HLA-G leader sequence interacts mainly with CD94/NKG2C receptors, leading to
the activation of cytotoxicity, and thus rejection. HLA-G molecules expressed on the surface of the allograft can interact with ILT2, ILT4, and KIR2DL4
receptors expressed on the surface of NK and T cells, thus inhibiting the cytotoxic activity of NK and T cells, which can induce graft acceptance. Simi-
larly, HLA-F molecules expressed on the surface of the allograft can interact with ILT2 and ILT4 receptors expressed on the surface of NK and T cells,
possibly inducing graft acceptance; however, cell surface expression of HLA-F was not demonstrated on allograft.

Abbreviations: ILT2: Ig-like transcript 2; ILT4: Ig-like transcript 4; KIR2DL4: Killer cell immunoglobulin-like receptor 2DL4; 32m: beta 2-microglobulin.

receptors [29,54] leading to the inhibition of cytotoxicity and
graft acceptance; however, it remains to be elucidated whether
allograft-associated vascular and endothelial cells, infiltrating
leukocytes, can express HLA-F on their surface. In the case of
Bone Marrow Transplantation (BMT) or Hematopoietic Stem
Cell Transplantation (HSCT), HLA-F can be expressed on donor
immune cells only if they become activated [52]. A remaining
question arises with these observations: what is the influence of
a specific HLA-Ib genotype on the outcome of transplantation?
Should HLA-Ib typing be considered in evaluating the degree of
risk in organ transplantation?

Non-Classical HLA-Ib

Outcome

and Transplantation

In spite of the low polymorphism of HLA-Ib molecules, their
allelic variants produce protein variants with divergent cellular
expression, peptide presentation and soluble forms. While HLA-
Ia and HLA-II typing of both recipients and donors is routinely
performed prior to organ transplant, the importance of typing
HLA-Ib has not yet become widely acknowledged. It is interesting
that HLA-E mismatches were observed in patients with
matched HLA-Ia [59-61]. Paradoxically, the immunomodulatory
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mechanisms mediated by HLA-Ib can be expected to play a role
in promoting graft acceptance [47,62], particularly in patients
withoutviremia. Thisaspectofimmunomodulation by HLA-Ib may
clarify the variability observed in the duration of graft survival in
transplants with HLA-Ia and -1l matches and in mismatched ones
when the time between DSA appearance and graft rejection was
substantial [12]. It remains to be seen whether the presence of
HLA-Ib specific alleles can predict transplantation outcome.

HLA-Ib: Role in histocompatibility

Histocompatibility of HLA-Ib molecules is attributed to
their cell-surface expression and their release into circulation
as sHLA [38,62]. Although, HLA-Ib molecules are oligomorphic,
they can induce in transplant patients a cellular and/or humoral
immunological response directed against their polymorphic
residues; and, like minor histocompatibility antigens, they can
affect allograft survival [12,47]. Specific genotypes of HLA-E or
HLA-G are associated, respectively, with the protein expression on
the cell surface and the release of the soluble form in circulation.
Indeed, the coding and non-coding allelic regions-respectively,
exons and introns (plus 5’ and 3’ untranslated regions)-and
the nature of the peptide presented affect the stability of the
messenger (m) RNA and the mature protein. This leads to variable
levels of protein expression [19,43,45,62-64]. On the other hand,
HLA-F is expressed on the cell surface of lymphocytes only upon
activation [52] and can be released into the circulation in a
soluble form [32]; however, there is not yet any evidence of the
effect of specific genotypes of HLA-F or the level of cell-surface
expression. The role of HLA-F in histocompatibility remains to
be evaluated.

The level of cell-surface expression of HLA-E in PBMC was
significantly higher in subjects with homozygous HLA-E*01:03
than in those with homozygous HLA-E*01:01. The same was true
for peptide-induced HLA-E surface expression. In addition, the
level of cell-surface expression was dependent on the sequence
of the peptide presented by HLA-E [19]. Indeed, the CMV, HLA-B7
and HLA-B15 peptides induced higher expression of cell-surface
HLA-E than those derived from Hsp60, and the induction of
surface HLA-E is always significantly higher in patients with
homozygous HLA-E*01:03 regardless of the peptide presented.
The expression of cell-surface HLA-E is regulated at the post-
transcriptional level since there is no difference in mRNA
expression levels between HLA-E genotypes or between peptide-
induced cell-surface HLA-E [19]. These observations indicate
that the cell-surface expression of HLA-E is dependent on
HLA-E genotypes and the nature of peptides presented by the
HLA-E molecule. There are functional implications for the allelic
differences in the surface expression of HLA-E. Higher cell surface
expression of HLA-E*01:03 may result in a greater capability of
inhibiting immune cells through CD94/NKG2A receptors [65]
provided that the peptide presented by HLA-E is derived from the
leader sequence of HLA-Ia. Therefore, HLA-E*01:03 homozygous
recipients may be better graft “acceptors” than HLA-E*01:01
patients provided that the allograft is devoid of viremia. Withal,
a HLA-E genotype match should be beneficial in transplantation
because the HLA-E homozygous state has been shown to be
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associated with transplantation outcomes, especially in BMT and
HSCT [59,66,67].

The expression of HLA-G on the cell surface and its soluble
form is associated with its polymorphism, both in the coding
and non-coding regions of the allele [35]. The polymorphism
in the coding region of HLA-G genes creates protein variants,
including aberrant or truncated proteins [68]. HLA-G*01:01:03
and HLA-G*01:05N alleles have been shown to produce low
levels of sHLA-G compared with HLA-G*01:01:01; in contrast,
the HLA-G*01:01:04 allele produced high levels of sHLA-G
[46,69]. These alleles are likely linked to their cell-surface
expression level, although more studies are needed to elucidate
this possibility. The non-coding regions of HLA-G alleles are
called “the 5’ Upstream Regulatory Region (URR)” and the “3’
Untranslated Region (UTR).” The 5’'URR polymorphism (C—G)
at position -725bp in patients showed no detectable sHLA-G
whereas that of patients with no substitution (C—G) at the same
position did, which underscores the functional implications of
the position in vivo [70]. The HLA-G polymorphism observed in
the 3'UTR is called “the 14bp insertion” (or deletion). The 3'UTR
14bp insertion homozygous state is associated with lower levels
of sHLA-G, the opposite being true for the 3’'UTR 14bp deletion
homozygous state [44,70,71]. The HLA-G 3’'UTR 14bp insertion
leads to a more stable mRNA affecting its rate of translation,
and thus its protein expression [44,72]. The non-coding region
of HLA-G alleles-5" URR and 3’ UTR affects the cell-surface
expression of HLA-G and the presence of sHLA-G in circulation.

In conclusion, the role of HLA-Ib genes and molecules in
histocompatibility has attracted interest in recent years because
of the implication of HLA-Ib in graft acceptance, especially in
regards to inducing tolerance. Most often, it is agreed that higher
levels of HLA-Ib expression is associated with better allograft
survival outcome [47,62], but some exceptions exist, such as
in BMT, where higher levels of HLA-G expression is associated
with higher risk of acute graft-versus-host disease (GvHD) [71].
Since heart, liver, kidney and lung allografts express HLA-Ib on
their cell surface [47,62,73], even if the expression of HLA-Ib is
low compared with that of HLA-Ia, both cell-surface expression
and release in circulation of HLA-Ib are capable of affecting
transplantation outcome. Selected patients with a high level of
HLA-Ib expression, based on HLA-Ib genotypes, could benefit
from lower immunosuppressive protocols while others could
benefit from alternate therapeutic strategies.

HLA-E, viremia and transplantation

As partofadaptive immunity [15], HLA-E can present viral and
bacterial-derived peptide from CMV, HCV, HIV, EBV, influenza,
salmonella enterica and mycobacterium; and the HLA-E/
peptide complex can interact with T-Cell Receptors (TCR) [40].
In transplantation, the potent immunosuppressive treatment
regimen employed currently improves graft survival, but at the
cost of increasing the recipient’s susceptibility to infections [74]
as well as to pre-existing viremia. Indeed, the viremia status of
both donor and recipient plays a role in allograft failure. Poor
survival of allografts in recipients with CMV or BK viremia
is well known [75,76], although the mechanism underlying
the association between viremia and allograft rejection has
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not been clarified. However, it has been shown that allograft-
infiltrating CD8+ T cells can recognize and kill allogeneic (CMV-
infected) endothelial cells by the interaction of their TCR with
HLA-E that has been loaded with a viral peptide [77]. The direct
interaction between that HLA-E loaded with a viral peptide and
activating receptors (CD94/NKG2C) on cytotoxic NK and CD8+
T cells, serves to activate antiviral activity capable of controlling
infection and also has the potential of destroying the allografts
that harbor viruses in the recipients. Figure 2 illustrates this
process, which contributes to allograft rejection. Terasaki and

his co-investigators [78] developed a strategy to control the
cytotoxic activity of activated CD8+ T cells to prevent allograft
rejection. They reported that heart transplant recipients treated
with pravastatin showed a decrease in the incidence of clinically
severe acute rejection episodes, in the incidence and progression
of transplant coronary vasculopathy, and in rejection mediated
by NK cell cytotoxicity. It is possible that allograft recipients with
CMV or BK viremia may be much benefited by statin treatment,

which indirectly counteracts HLA-E-mediated augmentation of
NK and CD8+ T cell cytotoxicity.
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same principle can be applied to HLA-G and HLA-F if they are recognized by T cells as “non-self’-although there is no evidence of this interaction.
HLA-E molecules expressed on the surface of the allograft, can present peptides derived from the leader sequence of HLA-Ia and HLA-G. Only when
HLA-E is loaded with auto-peptide (from HLA-Ia and/or HLA-G), donors T cells use their y§TCR to recognize HLA-E on the allograft, leading to the
production of proinflammatory cytokines, and thus to rejection. When HLA-E is presenting allogeneic peptides (from HLA-Ia and/or HLA-G), donors T
cells use their aTCR to recognize HLA-E on the allograft, thus inducing the cytotoxic activity of CD8+ T cells, promoting graft rejection. Finally, HLA-
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on NK cells, leading to the activation of cytotoxicity and eventually graft loss. Depending on the nature of the viral peptides presented by HLA-E, the
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this mechanism leads to the proliferation of the viruses, which is detrimental to recipient survival. Dashed lines indicate possible interactions.
Abbreviations: TCR: T cell receptors; 32m: beta 2-microglobulin.
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HLA-Ib, endothelium and transplantation

The vascular endothelium of allografts is the main target for
cellular- and/or antibody- mediated vasculopathy and rejection.
HLA-E expressed on endothelial cells is overexpressed and then
released into circulation upon activation of the cells by IFN-y
[33], thus highlighting the relevance of HLA-E in transplantation.
On one hand, a recipient who is HLA-E*01:03- homozygous
and receives an HLA-E-matched transplant can be expected to
accept the graft better because higher cell-surface expression
of HLA-E*01:03 than of HLA-E*01:01 may result in a higher
capability to inhibit NK cells and CD8+ T cells through CD94/
NKG2A receptors [65]. On the other hand, some T cells use their
TCR to recognize HLA-E [31,41]. In vitro, HLA-E-restricted CD8+
T cells recognized and killed allogeneic endothelial cells [77],
which can mediate graft rejection. If the HLA-E, expressed on the
allograftis loaded with a peptide derived from an allogeneic HLA-
Ia leader sequence, HLA-E-restricted CD8+ T cells may use their
TCR to recognize and kill allograft cells. Although this mechanism
is well demonstrated with viral peptides, it remains to be
elucidated with other well known HLA-Ia peptides presented by
HLA-E. Therefore, HLA-E-restricted CD8+ T cells are pathogenic
during organ transplantation, that pathogenicity is mediated by
the TCR recognition of the complex HLA-E/allo-HLA-Ia-peptide
[37] as shown in Figure 2.

In a Mixed Lymphocyte Reaction (MLR), loading the leader
sequence of HLA-G1 onto HLA-E of a donor’s PBMC produced
different patterns of NK-CTLs-mediated cytotoxicity [37]. NK-
CTLs recognize and kill donor’s cells with far greater efficacy.
The HLA-E/HLA-G1 leader-sequence peptide complex prevents
the cytotoxicity of NK-CTLs by binding to the inhibitory receptor
CD94/NKG2A. However, NK-CTLs cytotoxicity is promoted
when the HLA-E/HLA-G1 leader sequence-peptide complex is
recognized as “non-self” as a result of the interaction with CD94/
NKG2C or TCR. The MLR shows high levels of cytotoxicity with
only one donor, possibly because the recipient’'s NK-CTLs and
those of the donor do not share their HLA-G alleles; but more
studies are needed to elucidate this point. HLA-E loaded with a
peptide derived from the leader sequence of allogeneic HLA-G
molecules (expressed in the allograft cells) can be recognized
by CD8+ T cells by means of their TCR, inducing the activation
of cytotoxicity, the secretion of cytokines, and eventually the
production of antibodies, which leads to graft rejection-all, as
shown in Figure 2.

HLA-G was shown to be expressed by endothelial cells and
its expression and secretion upregulated in a dose-dependent
manner by progesterone [79]. The induction of HLA-G expression
in endothelial cells of the allograft can clearly benefit the
patient by inhibiting effector cells responsible for rejection and
vasculopathy. In addition, it was shown that hypoxia can modulate
HLA-G expression depending on cell type and culture conditions.
During pregnancy, hypoxia can upregulate HLA-G [80], but
in melanoma the opposite happens [81]. In transplantation,
hypoxia is a common feature during organ procurement and
re-implantation [73]; this impels the conclusion that the
expression of HLA-G induced by hypoxia should be investigated
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in a transplant setting. Even before that happens, though, the
induction of HLA-G expression should not be used in patients
mismatched for HLA-G because the allograft will express “non-
self” antigens that could induce allograft rejection during solid
organ transplantation or GvHD in BMT or HSCT.

Under certain conditions, HLA-F can be expressed on the
surface of endothelial cells. Indeed, human brain microvascular
endothelial cells infected by the Japanese encephalitis virus
activate NFkB leading to functional HLA-F gene induction and
cell-surface expression [82]. HLA-F expression may be linked to
viral infection. It remains to be elucidated whether allografts with
viremia express HLA-F. If so, HLA-F could participate in allograft
acceptance by binding to ILT2 and ILT4 inhibitory receptors on
NK cells to induce immune evasion [56] of allograft cells.

HLA-Ib in graft-versus-host disease

Most studies of the expression of HLA-Ib molecules and the
outcome of transplantation have agreed that higher levels of HLA-
Ib expressed on the surface of cells-or of sHLA-Ib in circulation-
are associated with an overall longer allograft survival. However,
those patients who are at risk of developing GvHD (e.g, BMT and
HSCT recipients) may not benefit from the increased expression
and release of HLA-Ib molecules. These can be expressed on both
allograft and donor cells, and despite of their low polymorphism,
HLA-Ib alleles can be mismatched even when donor and recipient
are HLA-Ia identical [59-61]. The mismatches in HLA-Ib alleles
increase the number of allogeneic targets recognized by the
recipient, and, in BMT and HSCT, the number of allogeneic targets
recognized by the donor’s cells, that lead to GvHD.

The HLA-E genotype is associated with GvHD in both BMT
and HSCT. An HLA-E*01:01-homozygous state was a risk factor
for early bacterial infections and transplant-related mortality in
unrelated-donor BMT [59]. Allele frequencies within the studied
cohort were similar to those previously reported in various
population groups (donor group HLA-E*01:01 was 60% and
HLA-E*01:03 40%; recipient group HLA-E*01:01 was 56.5%
and HLA-E*01:03 43.5%). Among the 77 pairs in that study, 39%
had different HLA-E alleles despite being identical for HLA-C and
-A alleles. This further confirms the existence of weak linkage
disequilibrium between the classical HLA and HLA-E loci [59].
In HLA-E-matched allogeneic HSCT, the HLA-E*01:03/01:03
homozygous genotype has a protective role since it is associated
with a lower frequency of acute and chronic GvHD, and it is
associated with improved overall survival compared with other
HLA-E genotypes [66,67]. Therefore, lower HLA-E expression on
allograft-associated with the HLA-E*01:01 homozygous state [19]
may lead to complications such as GvHD because the recipient
may be less capable of inhibiting immune cells through CD94/
NKG2A receptors. It is clear that HLA-E should be matched in
BMT or HSCT because it leads to a transplant that is less at risk of
developing GvHD. More studies are needed to evaluate how much
HLA-E must be expressed on allograft cells to sustain acceptance
before the antigenic load of allogeneic HLA-E triggers an
allogeneic immune response leading to rejection. Of course, other
factors (e.g., epigenetic factors regulating HLA-I expression) [83]
may influence the outcome of BMT and HSCT, with their risk of
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developing GvHD, or of transplants between monozygotic twins
because the level of DNA methylation-an epigenetic feature that
changes in response to the environment-is able to differentiate
between monozygotic (hence HLA-identical) twins [84].

The HLA-G polymorphism observed in the 3’'UTR-which, as
noted is called “14bp insertion or deletion”-is associated with
a high risk of acute GvHD [44]. It was shown that recipients,
homozygous for HLA-G 3'UTR 14bp deletion, had a high risk of
acute GvHD [71], and that patients, homozygous for HLA-G 3’'UTR
14bp insertion, had a moderate association with a lower risk
of acute GvHD compared to HLA-G 3’'UTR 14bp heterozygous
and HLA-G 3’UTR 14bp deletion homozygous patients [85].
They produced high levels of sHLA-G [70,86]; in solid organ
transplantation they experienced a low rate of rejection [44],
although in BMT it was the opposite [71]. Higher levels of
sHLA-G in patients homozygous for HLA-G 3'UTR 14bp deletion
indicate that HLA-G expression is higher than with other 3’UTR
genotypes, thus increasing the number of antigenic target
available, promoting GvHD.

There is no information about HLA-F alleles and their role in
GvHD, but HLA-F is a marker of activated lymphocytes [52], and
upon immunological activation in patients experiencing GvHD,
the donor’s and recipient’'s immune cells will express HLA-F
on their surface, so an HLA-F genotype mismatch may increase
the severity of GvHD. More studies are needed to confirm this
hypothesis.

These observations suggest that in BMT and HSCT, HLA-E
and other HLA-Ib alleles should be matched in order to reduce
the number of possible antigenic targets recognized by the donor
cells. If HLA-Ib polymorphism is not matched in BMT and HSCT,
then donor cells have more potential recipient targets to attack,
which will result in severe GvHD in those HLA-Ib mismatched
patients.

To sum up about HLA-Ib molecules, they clearly play a role
in histocompatibility and they impact transplantation outcomes.
The presence of high levels of HLA-Ib molecules (on the cell
surface or in circulation) is usually associated with better graft
acceptance, longer graft survival, and immunosuppressive-
free patients; however, in the case of cell transplantation (BMT
and HSCT), HLA-Ib alleles mismatches may increase the risk
of developing GvHD by increasing the foreign antigenic load
recognized by the donor cells. Therefore, it is still debatable
whether HLA-Ib alleles should be matched for all transplants,
and if so, whether the immunosuppressive function of HLA-Ib
molecules is mediated by the donor’s molecules or those of the
recipient. Some studies emphasize that the allograft (donor cells)
should be expressing HLA-Ib molecules-and at high levels-in
order to evade the cytotoxic activity of NK cells and CD8+ T cells
that lead to graft rejection [18,87-89] because cell-to-cell contact
is mandatory for the interaction of HLA-Ib molecules and their
inhibitory receptors to prevent the lysis of allograft cells by NK
cells and CD8+ T cells [90]. Promoting the expression of HLA-
Ib-rather than sHLA-Ib-by the donor’s cells therefore provides
the best and most specific strategy for helping allograft cells
evade cell-mediated damage (or rejection). Soluble HLA-Ib will
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most likely participate in the regulation, differentiation, and
proliferation of immune effector cells, thus participating in graft
acceptance, but not directly mediating it.

Immunobiology of Soluble HLA-Ib in

Transplantation

The importance of sHLA-Ib molecules is characterized by
their ability to interact with different lymphocyte subsets and,
what is most important, with NK and CD8* T cells. Soluble HLA-Ib
can bind to both inhibiting and activating receptors-respectively,
(CD94/NKG2A, ILT2, ILT4) and (CD94/NKG2C, ILT2, ILT4).
The inhibition of the cytotoxic activity of NK and CD8* T cells,
mediated by sHLA-Ib, may favor allograft survival while the
activation of their cytotoxic capabilities would promote allograft
rejection.

Soluble HLA-Ib can be released in the circulation by three
different mechanisms: exosomal shedding, alternative splicing,
and proteolytic processing [91,92]. Each mechanism will produce
different isoforms of sHLA-Ib, contributing to a pool of sHLA-Ib
in the allograft microenvironment and circulation. Soluble HLA-I
levels are increased in several physiological and pathological
conditions such as pregnancy, acute rejection episodes following
allografts, and acute GvHD following BMT [93]. Indeed, the
increased level of sHLA-I may be a result of immune activation,
as shown by a rapid decrease in the level of sHLA-I following
immunosuppressive therapy in patients with acute rejection
episodes [94].

Previous studies have shown that sHLA-G is associated
with an increased graft survival and a decrease in rejection
episodes in such organ transplantation as heart [95], liver [96],
kidney [96-98], lung [89] and HSCT [62]. HLA-G expressed on
the allograft, and sHLA-G in circulation, may also play a role in
T-cell anergy as well as inducing immunosuppressive T cells
[18], suggesting that the donor’s molecular typing of HLA-G
should be considered in allograft transplantation because HLA-G
is regulated by genetic and cytokines depending on the viral or
non-viral microenvironment [62]. Compared with all other sHLA-
Ib molecules, HLA-G has a high diversity of molecular structures
due to alternative splicing of the primary transcript [44,45]. As
noted earlier, the expression of HLA-G on the cell surface and
its soluble form is associated with its polymorphism in both the
coding and non-coding regions of the HLA-G allele. There is a
need to elucidate the kind of isoforms of HLA-G that are more
potent in inducing immunosuppressive T cells. There may be a
good correlation between higher cell-surface expression of some
isoforms with higher levels of sHLA-G release from the allograft,
which facilitates allograft tolerance in the recipient due to those
isoforms’ specific affinity for inhibitory receptors (ILT2, ILT4 and
KIR2DL4) [45].

HLA-G can form disulfide-linked dimeric complexes on
the cell surface and in circulation because of high preferential
binding to immune inhibitory receptors; sHLA-G dimers were
also found to be significantly higher in renal allograft recipients
who had experienced no rejection episodes than in patients with
chronic rejection [99]. In this study, the investigators evaluated
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the levels of sHLA-G1 and HLA-G5 dimers and monomer
isoforms. In confirmation of their finding, the increased cell-
surface expression of HLA-G on monocytes of patients with no
rejection episodes was found to be associated with high levels
of plasma sHLA-G dimers [100]. These observations underscore
the potential of HLA-G in graft acceptance; but it remains to
be determined whether this potential is due to cell-surface
expression of HLA-G1 or whether its soluble form, HLA-G5,
induces graft acceptance in the course of its specific mechanism
of action. Possibly HLA-G5 molecules may be involved in the
inhibition of immune functions by their direct interaction with
ILT2 and ILT4 receptors present on the main effector cells
responsible for graft rejection [18,62,64]. HLA-G1, expressed
on the surface of allograft cells, inhibits the cytotoxic function of
NK and CD8" T cells through cell-to-cell contact, preventing the
cell-mediated allograft damage that leads to cellular rejection. In
contrast, HLA-G5 molecules interact with immune effector cells
in circulation, and probably have a more potent effect in allograft
rejection on CD4* T cells and APC than do NK and CD8* T cells by
inhibiting alloreactivity and proliferation and by up-regulation of
inhibitory receptors on their surface [18,62].

The presence of sHLA during rejection episodes [101] creates
a pool of soluble antigens that can lead to the production of HLA
antibodies [102,103], which supports the immunogenic potential
of sHLA molecules in vivo. The greatest challenge in characterizing
sHLA (classical Ia, or non-classical Ib) is the degree of homology
that these molecules have. Indeed, only mAbs-particularly those
that are monospecific (directed against an epitope that is unique
for a specific HLA allele)-should be used to identify specific sHLA
isoforms or alleles present in the sera. For example, it was shown
that commercially available HLA-E mAbs recognize shared
peptide sequence on HLA-Ia molecules [104]; therefore, such
mAbs bind to more than one HLA-Ia or -Ib allele, decreasing the
reliability of such mAbs in binding to a specific HLA-I molecule,
affecting the interpretation of the results. Rarely have HLA-Ia or
-Ib mAbs been characterized for their unique specificity either by
screening their reactivity with a panel of HLA molecules (such as
single antigen HLA beads) or by using a peptide sequence unique
for the allele to inhibit the mAb’s specific binding [23,104-106].

Humoral immune response to HLA-Ib

The humoral theory of transplantation proposed by
Terasaki [12] envisages a primary role for HLA antibodies
in post-transplantation allograft rejection. The increasing
sensitivity of HLA antibody screening has dramatically improved
transplantation outcomes. Routinely, only HLA-la and -II
antibodies are tested in transplant recipients, and HLA-Ib
antibodies are never considered. However, various investigations
[23,24,39,104-107] of HLA-Ib antibodies showed that one
molecule of HLA-Ib (with or without $2m) can elicit different
kinds of mAbs, some recognizing strictly the HLA immunogen
used in immunization. Alternatively, these antibodies (e.g., HLA-E
mAb TFL-033) [23,39] can be considered monospecific since
they react to only one HLA-Ib molecule. The other antibodies
generated by an HLA-Ib molecule (e.g, HLA-E mAbs TFL-006
and TFL-007) [24,106,107] can react to other HLA-I molecules
at various levels. Such polyreactive binding (reacting with more
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than one HLA-Ib and/or -la molecule) can be a consequence of
the antibodies recognizing the amino acid sequences common
to the HLA molecules [23-25,104]. So the presence of HLA-
Ib antibodies in the serum can affect the screening of HLA-Ia
antibodies. Figure 3 illustrates how HLA-Ib antibodies can affect
routine HLA antibody screening and organ allocation, and it
shows the possible transplantation outcomes of having HLA-Ib
antibodies in circulation. There remains a need to elucidate the
immunogenicity and antigenicity of HLA-Ib molecules and the
complex pool of antibodies that can be produced in vivo.

In addition to its other abilities, one HLA-G gene can produce
several different protein isoforms that can expose cryptic epitopes
usually hidden in the full-length protein associated with $2m
[68]. Also, HLA-Ib molecules have been shown to homodimerize
and heterodimerize on the cell surface or in circulation [55-57],
which can expose cryptic epitopes recognizable by the immune
system.

Immunogenicity of HLA-Ib molecules

A native HLA-Ib molecule (a trimolecular complex
comprised of HLA heavy chain, f2m and a peptide) may become
immunogenic once the heavy chain of HLA-Ib detaches from 2m
or after it has undergone proteolytic alteration. Both loss of f2m
and proteolytic alteration will expose amino acid sequences or
epitopes that have previously remained cryptic on HLA. Exposure
of cryptic antigens makes the molecule immunogenic, eliciting
production of antibodies. The presence of polyreactive HLA-E
antibodies was observed in renal and liver transplant recipients
as well as in melanoma patients [26,27]. In addition, antibodies
reacting against HLA-Ib molecules (HLA-E, -F and -G) and HLA-Ia
(HLA-A, -B and -Cw) were present in different [VIg preparations
and in the IgG-purified serum fraction from non-alloimmunized
males [108]. Together, these findings provide evidence of the
immunogenicity of HLA-Ib in vivo.

The immunogenicity of HLA-Ib molecules is driven primarily
by polymorphic amino acids residues located on the al and a2
helices, leading to animmunological response directed ata unique
HLA-Ib molecule as shown in Figure 3. Meanwhile, non-native
forms of HLA-Ib molecules (produced by proteolytic degradation,
alternatively spliced transcript, or shedding) can expose epitopes
that are shared by HLA-Ib and/or HLA-Ia molecules. Such shared
or common epitopes may trigger an immunological response
when the immunogen is encountered, and may also trigger one
when these epitopes are present and exposed on HLA-Ia or -Ib
molecules other than the immunogen. Such shared epitopes may
be exposed on the molecular surface (e.g., those recognized by
W6/32) or may be cryptic, like those recognized by HC10, MEM-
02, MEM-06, MEM-07, 3D12 or by TFL mAbs TFL-006 and TFL-
007 [24,39,104-106,108]. The fact that HLA-Ib molecules carry
epitopes shared by HLA-Ia molecules points up the possibility
that shared epitopes cannot be immunogenic because if they
were they should be recognized as “self”; however, the presence
of natural HLA antibodies [109], HLA-E antibodies [25] in non-
alloimunized males, and HLA-la/-Ib antibodies in IVIg [108]
shows that HLA-I self-shared epitopes can become immunogenic
in vivo.
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HLA-Ia or -Ib cryptic epitopes, usually hidden in a non-
inflammatory state, can elicit an immune response by exposing
hidden amino acid residues upon inflammation; indeed, the
dissociation of 32m from the HLA heavy chain creates potential,
newly exposed epitopes for antibody production, possibly to
clear sHLA heavy chain from circulation, thus preventing possible
immunomodulatory function of sHLA-Ia or -Ib.

Antigenicity of HLA-Ib molecules

Antibodies generated after the immunization of HLA-Ib
molecules can produce a variety of antibodies with a variable
panel of reactivity towards HLA-Ia and -Ib molecules. Indeed, the

The impact of anti-HLA-Ib
antibodies on graft survival and
organ allocation
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production of HLA-E mAbs, generated after the immunization of
HLA-E heavy chain, produced eight types of HLA-E mAbs. These
were classified based on their reactivity to a panel of HLA-Ia
and -Ib molecules [24]. Monospecific antibodies-called “type 1
mADbs” in that report-bound only to the HLA-Ib molecule used
as the immunogen. Low polyreactive antibodies (called “types
2, 3 and 4 mAbs”) bound to more than one HLA-Ib molecule but
not to HLA-Ia. Moderate polyreactive antibodies (“types 5, 6 and
7 mAbs”) bound to one or more HLA-Ib molecules and to most
HLA-Ia molecules. Finally, high polyreactive antibodies (“type 8
mAbs”) bound to all HLA-Ia and -Ib molecules [24].
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Figure 3: The pool of HLA-Ib antibodies that can be produced in transplant patients based on routine HLA-Ia and -II antibody screening, and their
effect on graft survival and organ allocation. Monospecific HLA-Ib antibodies will not be detected by routine HLA-Ia and -II antibody screening, but
they can bind to HLA-Ib molecules expressed on the surface of the allograft (possibly leading to AMR)-or to soluble HLA-Ib in circulation-to prevent
the inhibition of cytotoxicity mediated by HLA-Ib molecules, thus leading to graft loss. Polyreactive HLA-Ib antibodies are of three kinds: (1) low poly-
reactive HLA-Ib antibodies that may contribute to graft lost in the same way as monospecific antibodies; (2) moderate polyreactive HLA-Ib antibod-
ies that can affect routine HLA-Ia and -II antibody screening and thus organ allocation, and contribute to graft lost in the same way as monospecific
antibodies; and (3) high polyreactive HLA-Ib antibodies that can affect routine HLA-Ia and -II antibody screening and thus organ allocation. But high
polyreactive antibodies can bind to open conformers expressed on the surface of activated lymphocytes, promoting graft acceptance by suppressing
activated CD4+ T cells and suppressing memory B cells’ HLA antibodies secretion.

Abbreviations: AMR: Antibody-Mediated Rejection; DSA: Donor-Specific Antibodies; f2m: beta 2-microglobulin.
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As shown in Figure 3, HLA-Ib molecules can produce a
complex pool of antibodies that can affect routine HLA antibody
screening, organ allocation, and transplantation outcomes.
Monospecific (type 1) and low polyreactive (types 2, 3, and 4)
HLA-Ib antibodies will not affect HLA antibody screening because
HLA-Ib molecules are not represented in the routine HLA-I and
-II antibody screening panel. Therefore, the presence of those
types 1-4 in the serum will not affect the organ. Nonetheless,
such monospecific and low polyreactive antibodies could have
a negative impact on organ transplantation outcome. Both
can prevent the inhibition of cytotoxicity mediated by HLA-Ib
molecules by binding to sHLA-Ib molecules and clearing them
from circulation. Only monospecific antibodies can bind to HLA-
Ib expressed on the surface of the allograft, possibly leading to
antibody-mediated rejection and eventual graft loss. In addition,
monospecific HLA-E mAbs are capable of upregulating CD8*
T lymphocytes [23] in vitro, which would be detrimental to an
allograft recipient if such HLA-E antibodies are in the patient’s
serum.

On the other hand, moderate and high polyreactive HLA-Ib
antibodies will affect routine HLA antibody screening because
they can bind to a shared epitope exposed in the recombinant HLA
protein coated on a solid matrix. Such antibodies can react with
many HLA-Ia and -Ib molecules, increasing the likelihood that a
patient with a polyreactive HLA-Ib antibody will be positive for
DSA. That means the allocation of organ and immunosuppressive
treatment is greatly affected by the pre-transplantation presence
of those moderate and high polyreactive HLA-Ib antibodies
because the antibodies react with DSA in vitro.

In addition, HLA-la screening of polyreactive HLA-Ib
antibodies will show high levels of non-DSA because antibodies
produced after an immunization event involving immature
HLA-E [59]-or an alternatively spliced transcript of HLA-G [71]
or an HLA-F/HLA-Ia heterodimer [26,43]- react with non-native
HLA molecules, which are known to be present in routine HLA-Ia
antibody screening [110]. Although HLA antibodies reacting with
2m-free HLA heavy chain or open conformers are thought to
be clinically irrelevant to the outcome of transplantation [110],
it has been shown that such 2m-free HLA heavy chains are
expressed on the surface of activated cells [111], and they can
homodimerize and heterodimerize [55-57] thus exposing cryptic
epitopes available for the recognition of 32m-free, HLA heavy-
chain antibodies [24,57,107,108] detected by single antigen
beads assay [24]. This suggests that HLA-Ib antibodies reacting
against $2m-free HLA heavy chain may have a clinical relevance
because polyreactive antibodies may react with donor/recipient
HLA, and, although reacting with non-native molecules, they may
impact transplantation outcome (Figure 3). The aforementioned
moderate polyreactive HLA-Ib antibodies-cross-reactive to
most but not all HLA-Ia/-Ib alleles-may exert a negative impact
on transplantation by binding to sHLA-Ib, thus preventing the
tolerance-inducing function of sHLA-Ib associated with graft
acceptance. High polyreactive (type 8) HLA-Ib antibodies can
be protective. Indeed, those antibodies, raised against HLA-E
molecules and produced in vivo, can bind to open conformers
expressed on the surface of activated lymphocytes, and were
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able to suppress both activated CD4" T cells [24] and memory
B-cell HLA antibody secretion [107] in vitro. Clearly, then, high
polyreactive HLA antibodies, raised against HLA-Ib molecules,
play a role in graft acceptance by suppressing alloreactive T and
B cells. In addition, it was shown that alloantigen-activated CD4*
T cells express HLA-E on their surface, resulting in an increased
resistance to NK cells [90], thus suggesting a role in the regulation
and differentiation of CD4* T cells in vivo; those T cells also use
HLA-E as a potential immunoregulatory therapeutic target for
transplant patients. More studies are needed to evaluate the
effect of polyreactive and monospecific HLA-Ib antibodies in
transplantation, especially in terms of the presence of non-DSA
in the sera of transplanted patients. We can hypothesize that
more non-DSA reactivity of a transplant serum probably relates
to the presence of polyreactive antibodies that will bind to open
conformers on activated lymphocytes, suppressing their activity,
and thus leading to longer graft survivalor, rather, better graft
acceptance.

Conclusion

HLA antigens are the major influence on the immunological
response to allografts in recipients. Matching or mismatching
of HLA-Ia and -II alleles may lead to variable graft survival. The
importance of HLA-Ib can be best seen in an allograft in which
the donor and recipient HLA-Ia /-II types are identical. Such
a case highlights the role played by HLA-Ib genes in allograft
acceptance or rejection, an insight strongly reinforced by the
existence of weak linkage disequilibrium between HLA-Ia
and HLA-Ib alleles [59-61]. Soluble HLA-Ib and the antibodies
elicited by them are critical in transplantation because of such
actions as characterization of donor-specific HLA-Ia antibodies,
the role played by HLA-Ib antibodies in clearing the sHLA-Ia and
-Ib antigens [12].

HLA-Ib genes may be involved in the extreme variations in the
survival rates of transplants. The increased expression of HLA-Ib
in allograft recipients is associated with better graft acceptance,
longer graft survival, and immunosuppressive-free patients. The
mechanism by which HLA-Ib molecules are expressed on the
surface of allografts is still unknown, but the consequences of the
overexpression of these molecules-dependent as they are on the
allele, available peptide, and cytokines microenvironment-are
clearly beneficial for patients, protecting against early rejection
by promoting graft acceptance.

Nevertheless, there are exceptions such as in cell
transplantation (BMT and HSCT) and transplantation with
viremia. In cell transplantation, increased expression of HLA-Ib
increasestherisk of developing GvHD only in patients mismatched
for HLA-Ib. In transplants with viremia, the increased expression
of HLA-Ib results in an increased level of viral peptide presented
by HLA-E. The HLA-E/viral-peptide complex can be recognized
by the TCR of CD8'T cells or by the activating receptor CD94/
NKG2C on NK cells, both of which induce cytotoxicity in allograft
cells, leading to accelerated graft loss.

HLA-Ib antibodies, generated after the immunization of
HLA-Ib molecules, can be either monospecific or polyreactive.
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Monospecific antibodies can affect graft acceptance by
neutralizing HLA-Ib molecules and preventing their interaction
with inhibitory receptors on NK and CD8* T cells. In contrast,
polyreactive antibodies affect routine HLA antibody screening,
and thus organ allocation; however, they can also inhibit the
proliferation of CD4+ T cells and the memory B-cell secretion of
HLA antibodies, which could promote graft acceptance.
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