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Abbreviations

Absract
The antibodies formed by allograft recipients against
donors’ mismatched allo-human leukocyte antigens (allo-HLA)
correlate with graft rejection. This review’s aim is to elucidate the
immunological events associated with allografts’ mismatched HLA
from transplantation to acute/chronic rejection. Such clarification
may permit more precisely relevant therapeutic strategies that
can facilitate better graft survival. The trigger event in the allograft
microenvironment is an inflammatory response, promoting
overexpression of allo-HLA as dimers or monomers. Overexpression
of membrane- bound HLA is accompanied by matrix membrane
proteases that dissociate and release monomeric HLA from the cell
surface, forming soluble HLA (sHLA), and the recipient’s immune
components interacting with both membrane-bound and sHLA.
Immune recognition of allo-HLA may vary depending on whether the
allo-HLA is dimeric or monomeric. An important player in immune
rejection of the allograft appears to be sHLA.

Monomeric sHLA that are free of b2-microglobulin (b2m) bind
to receptors of allogenic cytotoxic T cells (NKT and CD8+ T cells) to
prevent cytolytic destruction of the allograft, and they expose epitopes
that b2m made cryptic. The antibodies formed against donor-specific
allo-sHLA during acute/chronic rejection cause arteriosclerosis and
affect the glomerular filtration rate, leading to allograft rejection.
Anti-HLA antibodies can be diverse, some recognizing specific
epitopes on the mismatched allo-HLA, others recognizing the
cryptic but common shared epitopes b2m previously masked. When
monoclonal antibodies to sHLA were generated, it was shown that the
functions of monospecific antibodies differ from those of polyreactive
antibodies, which recognize epitopes shared with all HLA-I alleles
and suppress T-cell proliferation while monospecific antibodies can
induce proliferation of CD8+ T cells. Knowing the physicochemical
structure of HLA-I/-II is essential for the elucidation of HLA functions.
Although the functional potentials of N-linked carbohydrates located
at the junction of the antigen-presenting groove remain unexplored,
anti-HLA antibodies are monitored by coating recombinant HLA
(rHLA) on solid matrices. The coated rHLA are not glycosylated nor is
the ratio of monomeric and dimeric rHLA constant for all alleles. This
review emphasizes that until these issues are resolved, we cannot
comprehend why several allograft recipients do not show any signs
of pathogenicity or rejection episodes post-transplantation in spite of
the presence of donor specific allo-HLA Abs.
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Matrix Metalloproteinase; rHLA: Recombinant HLA; sHLA:
soluble HLA

Introduction

The biological process involved in transplantation is
comparable to the ecological concept of “habitat selection.”
When an organism is exposed to a challenging new environment,
survival of the organism depends on a sequence of events: initial
shock response, acclimation, adaptation, and, finally, survival: not
being rejected or killed. Survival of the transplanted organ in the
new host depends on the same sequence of events: initial shock
response to inflammation caused by infiltration of inflammatory
cells, immune reactions similar to those of hypersensitivity
type IV with or without infection, then acclimation (equivalent
to tolerance and avoidance of acute rejection), and, finally,
adaptation if the allograft is not rejected by the microenvironment
of the new host. A comprehensive understanding of the events
taking place in the allograft microenvironment is necessary
in order to develop strategies to prevent allograft rejection.
Several factors are involved in this microenvironment such as
augmentation of cell-mediated and antibody-mediated immune
responses against allograft-associated antigens, and, even today,
our understanding of the sequential events in the immune
response is poor or incomplete. That information, however, it
is very much needed to render the microenvironment congenial
to allograft survival, facilitating allograft acceptance in the new
environment; and an understanding of the changes occurring
in the allograft microenvironment soon after transplantation is
essential. There is also a need to elucidate the all components
in the allograft microenvironment, whether natural (like
cellular elements, molecules or even pathogens introduced or
pre-existing in the microenvironment) or clinically imposed
(exogenous components such as immunosuppressive agents
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and other molecules). This review focuses on only one aspect
of the initial shock response: the major cellular component (or
antigen) known as the Major Histocompatibility Complex (MHC).
This complex is expressed by the tissues of the allograft, and is
altered under the influence of the new microenvironment. The
alteration includes monomerization (e.g., 2m-free HLA-I) and
both overexpression and activation of the enzymes (matrix
membrane proteinases) that cleave membrane-bound HLA-these
being the primary symptoms of shock response to the altered
profiles of the new microenvironment. The new host environment
then responds to the allograft’s HLA by eliciting immune-cell
infiltration and augmentation of proinflammatory cytokines. The
allograft responds to the new environment by releasing the cell
surface allo-HLA into the host microenvironment. The shed alloHLA interacts with proinflammatory allo-immune cells, resulting
in suppression of cytotoxic CD8+ T and NK cells and upregulation
of CD4+ T cells and B cells, culminating in the production of
antibodies. This interaction between the allograft and the
microenvironment is on-going. Monitoring the sequence of events
associated with the shock response is critical for developing
appropriate treatment strategies and for realizing the possibility
of organ-specific therapies pre- and post-transplantation.

The MHC is a group of cell-surface molecules encoded
by a large gene family that controls a major part of human
immunobiology. MHC molecules interact with several kinds
of immune cells; they possess the critical determinants of the
compatibility of donors for organ transplant. The MHC gene family
is divided into three subgroups: classes I, II, and III. Class I MHC
molecules have β2 subunits; hence can be recognized only by
CD8 co-receptors. Class II molecules have no β2 subunits so can
be recognized by CD4 co-receptors. In humans, the MHC classes
I and II are also known as the Human Leukocyte Antigens (HLA).
The third region (located between the other two) encodes
for MHC class III, the other important proteins involved in the
immune system such as CBF, C2, and C4A complement genes,
a group of Tumor Necrosis Factors (TNF), and heat shock
protein 70 chaperoning genes. The list of the many additional
genes includes peptide transporter proteins TAP1 and TAP2,
and PSMB8 and PSMB9 genes that code for components of the
β-immuno-proteasome.

The HLA system: First thesis

HLA constitute the centerpiece of the immunobiology of
transplantation. Jon van Rood first identified what would later
be designated “HLA-Bw4 and -Bw6,” and he published (with van
Leeuwen) “Leukocyte grouping: A method and its application” in
1963 [1]. Two important clinical studies elucidated the relevance
of leukocyte grouping in understanding transplant immunology.
The first was also by van Rood (with Eernisse and van Leeuwen)
[2], involving platelet transfusion. Eernisse gave the first platelet
transfusion; it was from an unknown blood donor to a pregnant
woman who had developed severe aplastic anemia after
chloramphenicol treatment. This patient stopped bleeding after
random platelet transfusions, but had developed anti-human
leukocyte antibodies, possibly generated against the donor
platelets. When platelet recovery dropped to zero, her bleeding
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recommenced. During this period, nine genetically determined
leukocyte groups or HLA were recognized, which prompted
verification of whether the patient’s eight brothers and sisters
had what the authors called a “negative leukocyte agglutination
cross match” with the patient’s serum. This turned out to be the
case; so, every week, one of these siblings donated platelets to
their sister, resulting in an excellent recovery.

The second important study was that of Terasaki, et al.
[3], presented at the Conference on Histocompatibility testing
in Washington, DC, in 1964. After extensive investigations
between 1959 and 1961 of antibody responses to homografts
[4-10], Paul Terasaki, in collaboration with pioneering renal
transplant surgeon, Thomas Starzl, showed that the allo-HLA
antibodies pre-existent in a recipient are responsible for the
rejection of kidney allografts. This was the first and conclusive
proof of the role of allo-HLA antibodies in allograft rejection.
Concurrently, Jean Dausset and his team in a Paris blood bank
found “humoral antibodies after skin homografting”-as reported
at the 6th International Transplantation Conference in New York
[11]. After examining the allo-HLA antibodies formed in longterm kidney transplant survivors, Terasaki, et al. [3], highlighted
the importance of HLA testing in transplantation, stressing the
need for testing HLA groups or types both in donors and organ
recipients. This study marked the beginning of the humoral
theory of rejection in transplantation.

Elucidation of donor-specific
Terasaki’s humoral theory

HLA

antibodies:

The Dausset team had examined anti-HLA antibodies
using a “Leuko-agglutination” assay [12]; but soon, Terasaki
and his team began to develop [13,14], validate [15-17] and
finally establish [18-21] a more sensitive assay to monitor the
alloantibodies to HLA that are directly involved in the rejection
of organs by allograft recipients. Terasaki postulated the humoral
theory of organ rejection [22] and developed strategies for indepth characterization of antibodies formed against HLA specific
to the donor organ-i.e., Donor-Specific Antibodies (DSA) [23].
Elucidating the nature of DSA required chemical characterization
of the structure and diversity of HLA. These efforts helped bring
about a better understanding of the specificity of auto-HLA
antibodies, naturally occurring allo-HLA antibodies and DSA.
A persisting enigma is that even though DSA may exist in
HLA-mismatched allograft recipients, not all recipients reject the
transplant. What does this mean? Could two different categories
of DSA exist-pathogenic and non-pathogenic DSA? If so, how can
transplant immunologists or clinicians distinguish them? For
this, an in-depth knowledge of the variability of the molecular
structure, chemistry and specificity of donor HLA and the nature
and diversity of antibodies formed against them is critical.
The current concepts concerning DSA have evolved with
the discovery of Donor-Specific (DS) soluble HLA in allograft
recipients and the evolution of assays employed in monitoring
both HLA and their antibodies. Understanding the structural
diversity of HLA class I and II expressed on the membrane, their
diversity in different cell populations, and the diversity of those
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released from the membrane into the internal environment
(extracellular domain, circulation or body fluids) is important
for elucidation of the immune responses to HLA in general and
particularly in transplantation.

Diversity of HLA groups

Ever since van Rood’s “Leukocyte grouping” thesis, efforts
to clarify the allelic diversity of HLA continued. Recognition
of diverse human leukocyte groups led to in-depth analyses
of HLA alleles, significantly increasing understanding of the
nature and diversity of HLA. The naming of new HLA genes
and allele sequences and their quality control has been effected
since 1968 by the World Health Organization’s Nomenclature
Committee for Factors of the HLA System, which meets
regularly, and has published several reports documenting HLA,
their genes and alleles. The standardization of HLA antigenic
specifications is controlled by the exchange of typing reagents
and cells at the International Histocompatibility Workshops. The
international immunogenetics project (http://www.ebi.ac.uk; or
http://www.ebi.ac.uk/ipd/imgt/hla/intro.html) updated HLA genes
and alleles in July 2015 [24].
In humans, the HLA genes are located in the short arm of
chromosome 6 (6p21.3), which is composed of three regions.
The first is the distal region, containing the genome of MHC class
I, which includes the classical (Ia) HLA molecules-HLA-A, -B,
and -C heavy chains with extensive polymorphis-3,192 alleles at
HLA-A; 3,977 at HLA-B; and 2,740 at HLA-C loci (Table 1)-and
the non-classical (Ib) HLA- E, -F, and -G. HLA-I is expressed on
the surface of nearly all nucleated cells. All HLA-I molecules form
heterodimers with β2- microglobulin (β2m) coded by a gene on
chromosome 15. In addition, the distal region contains the MHC
class I chain-related MICA and MICB. The second region is the
proximal (closer to the centromere), containing genes for two
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heavy chains of MHC class II, consisting of HLA-DR,-DQ, -DP, -DM,
and -DO (for known alleles and proteins see Table 1). HLA-II
molecules are expressed on Antigen-Presenting Cells (APC) such
as macrophages, dendritic cells, Langerhans and Kuepfer cells, as
well as B lymphocytes. Almost every cell in the body expresses
HLA-II upon inflammation-most notably, thyroid epithelial cells,
intestinal epithelial cells and endothelial cells. The third region
(located between the other two) encodes for MHC Class III, which
includes other important immune system proteins such as CBF,
C2, and C4A complement genes, a group of Tumor Necrosis
Factors (TNF), and heat shock protein 70 chaperoning genes. The
list of the many additional genes includes peptide transporter
proteins TAP1 and TAP2, and PSMB8 and PSMB9 genes that code
for components of the β-immuno-proteasome.
Each person carries a pair of chromosomes 6 and therefore
expresses on the surface of a single cell one or two HLA-I alleles,
each, for HLA-A, HLA-B and HLA-C, several HLA-1b, and one to
four HLA-II alleles, each, of HLA-DR, -DQ, and -DP, all together
comprising hundreds of thousands of different units [24]. Since
each person carries a unique set of HLA genes, the array of
possible combinations expressed by each individual in a given
population is enormous. This HLA diversity-along with the
multiplicity of alleles- leads to the extraordinary individuality
and potential diversity in antigen presentation.
Given the enormous diversity of HLA types and combinations,
it is very difficult to find unrelated individuals who are identical.
Information on the specific HLA types of the donor and recipient
is required to match the HLA types of the allograft with the
recipient’s HLA types. The tests available to identify HLA type
range from low-resolution, serological typing, to high-resolution,
more specific molecular typing. Tissues in the donor organ may
be of HLA types totally different from those of recipient’s tissues;
or the ratio of matched and mismatched HLA types between

Table 1: Numbers of HLA Alleles (as of July 2015) and their proteins.
HLA Class I
Gene

A

B

C

E

F

G

Alleles

3,192

3,977

2,740

17

22

50

Proteins

HLA Class II

2,245

2,938

1,941

6

4

16

Gene

DRA

DRB

DQA1

DQB1

DPA1

DPB1

Alleles

7

1,868

54

807

40

550

HLA Class II - DRB Alleles

Proteins

2

1,364

32

539

20

447

Gene

DRB1

DRB2

DRB3

DRB4

DRB5

DRB6

Alleles

1,764

1

59

16

21

3

Proteins

Other non-HLA Genes

1,290

0

47

9

Gene

MICA

MICB

TAP1

TAP2

Alleles

102

41

12

12

Proteins

80

27

6

18

0

5
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a single carbohydrate moiety at asparagine (N) position 86 from
the NH-terminal end of the α1 domain of the heavy chain, whereas
HLA-II has three known glycosylation sites (based on HLA-DR2)
on both the α and β chains: N78, N118, and N103 [29,30] (Figure
1). It is clear from these studies that the structural conformation
of HLA- crucial for receptor or antibody recognition- may differ
depending on the glycosylation of the HLA molecules [31-33].

Figure 1: The lateral views of HLA class I (left) and class II (right) molecules. The antigen binding groove (α helices) are blue. Sites of N-glycan
sites are orange. Source; Ryan SO and Cobb BA, [25] and Ryan, et al.
[30].

donor and recipient may vary in degree. Not all HLA allele types
are considered in matching(e.g., HLA-Cw, DP, and HLA-Ib).
Our review of the immunobiology of allograft HLA in the new
environment addresses the extent to which matching of donor
and recipient HLA types is needed for graft survival in that host
microenvironment.

Structural diversity of HLA on the cell surface

Understanding cell-surface expression of HLA is key to
elucidation of the interaction of HLA with other cells, their
receptors, and different kinds of antibodies that may lead to
cell survival and proliferation-or to cell death. The expression
of each HLA molecule may differ depending on the cell type,
physiological status of the cells, and status after shedding from
the cell surface into the internal environment. Though it is well
known that both HLA class I and II molecules are glycoproteins,
the glycosylation of HLA has received the least attention of all
factors affecting transplant immunobiology. The true definition
of native HLA is a glycosylated α-helical protein. Ryan and Cobb
provided an excellent review of the structure and functions of
HLA glycosylation in HLA immunobiology [25].

Cell-surface HLA diversity caused by glycosylation

Glycosylation patterns in HLA-I and HLA-II: In general
with glycoproteins, two kinds of carbohydrate moieties are
attached to amino acids: An asparagine-linked (N-linked)
oligosaccharide chain of about 3 kDa and a serine-linked
(O-linked) oligosaccharide. In HLA-I molecules, only the N-linked
oligosaccharides are common whereas in HLA-II molecules
both N- and O-linked (serine/threonine) oligosaccharides
may occur. The extracellular region carries a single N-linked
oligosaccharide composed of residues of N-acetylglucosamine,
mannose, galactose, fucose and sialic acid [26]. One must realize
that these complex N-glycans are large and highly flexible
structures extending to 30Å, roughly corresponding to the size of
an immunoglobulin domain [27,28]. Most important, HLA-I has

Glycosylation of a particular HLA molecule may differ
with the cell types within an individual: In normal cells, HLA-I
molecules are principally fucosylated biantennary structures
while HLA-DR class-II molecules have bi-, tri- and tetraantennary
structures and high-mannose structures. The sugar residues on
a single HLA allele or molecule may differ with cell type within
a person [34,35]. For example, the level of sialylation (addition
of the number and possibly the nature of sialic acids) of HLAII molecules may differ between normal B cells and normal
monocytes, with the level higher in B cells than in monocytes.
The pattern of glycosylation of the same HLA in the B-cell line
transformed by an Epstein-Barr virus (EBV) is very different from
that of the native B cells: the biantennary structures are decreased
concomitant with an increase of the tri- and tetraantennary
structure fractions-especially in HLA-II molecules-while both
triantennary and high-mannose structures are increased in
HLA-I molecules. Moreover, when compared with normal B
cells, HLA-I molecules in the EBV-transformed B-cell line are
under-sialylated, and HLA-II over-sialylated. It is possible that
viremia of the donor or the recipient can induce changes in HLA
glycosylation patterns. For example, the inflammation caused by
human CMV, a common virus found in both donors and recipients,
is capable of stimulating HLA-I transcription and can significantly
enhance and alter the expression of HLA-I [36].

It is important to note that the pattern of glycosylation of
HLA on the surface of malignant human cancer cells may differ
markedly from that of its non-malignant counterpart [37].
Perhaps even more significant, alterations in cellular protein
glycosylation have been reported in inflammatory bowel disease
and patients with colon cancer [38,39]. It is also well documented
that gastric epithelial cells show varied glycosylation of HLA-II
compared with B cells [40] at inflamed sites. These observations
raise a concern about whether glycosylation of a particular HLA-I
or -II allele in the endothelial cells of a donor organ can differ
from that of the recipient’s cells.
Functions of the glycosylation residues in HLA: The
glycosyl residues on glycoproteins serve as a check point for
proper protein folding and trafficking to the cell surface [31-33];
they also protect the protein backbone from proteolysis once it is
on the cell surface [41] and promote the appropriate geometric
spacing of receptors and other molecules on the cell surface
for optimized cell-cell attachment and communication with the
immune components of the host [42].
Ryan, et al. [30] 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
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associate with peptides containing sugar residues (also known as
glycoantigens or GlyAg) despite being properly folded and fully
capable of binding to antigenic peptide. Similarly, elimination
of native complex N-linked glycans (i.e., unaltered mammalian
complex N-glycans) on HLA-II reduced the presentation of
some peptides in live APC, nearly eliminated their binding to
recombinant HLA-II in vitro, and significantly limited in vitro
and in vivo GlyAg-mediated T-cell recognition and activation
despite no detectable defects in peptide and intact protein
antigen controls. These findings established the importance of
glycosyl residues on HLA-II in the modulation of antigen binding
and presentation and this study marked the first time that the
N-linked glycans on HLA class II was shown to be integral to
antigen binding.
Glycosylation residues can affect antibody recognition
of HLA: Monitoring donor-specific HLA antibodies posttransplantation is an essential early step in clinical evaluation,
and several tools are available for that monitoring including both
an enzyme-linked immunoassay that uses microtiter plates and
Luminex single antigen bead assay. HLA-I and HLA-II reactivity
of allograft recipients’ IgG is analyzed and the data acquired
by Single Antigen Bead assay using dual-laser flow cytometry
with Luminex xMAP® multiplex technology (LABScan™ 100; One
Lambda, Inc., Canoga Park, CA). More than 95% of published
studies of HLA antibodies in transplantation used Luminex
single antigen beads, and it is important to note not only that the
beads are coated with recombinant HLA but also that none of
the HLA molecules are glycosylated. So the operative factors in
monitoring anti-HLA antibodies are aglycosylated recombinant
HLA molecules. Frequently in the literature, these aglycosylated
HLA are wrongly thought to be native HLA. Clinicians deduce the
existence of DSA based on the reactivity of IgG antibodies to what
is usually called the “aglycosylated version” of allo-HLA coated
on the beads. Even when present, though, these DSA often do
not lead to graft rejection. That is possibly due to the fact that
these antibodies may bind to aglycosylated allo-HLA but not to
glycosylated HLA in the native state. If the antibody binds to an
epitope located near the glycosylation site, then the antibody may
bind to beads but not to the native HLA. This possibility impels
the need to verify whether the DSA that bind to aglycosylated
HLA on beads also bind to glycosylated HLA. As long as the HLA
coated on the beads are not glycosylated, true assessment of DSA
cannot make.
When the beads (or solid matrix) are coated with aglycosylated
recombinant HLA, the coating is a mixture of heavy chains (HC)
with β2-microglobulin (β2m). Therefore, each bead may contain
both dimeric and monomeric HLA molecules representing a single
HLA allele. However, published reports infer that the antibodies
bind to native HLA. Certainly, the 2m-associated recombinant
HLA-I on the beads do mimic the physical conformation of the
native HLA with β2m; however it is unknown what percentage of
recombinant HLA-I is with or without β2m on the beads. Recently
One Lambda introduced “i-beads” to eliminate β2m-free heavy
chains to monitor β2m-associated HLA. In spite of this useful
effort, the ratio of β2m-free and β2m-associated heavy chains
of HLA-I is not resolved and therefore there is no certainty as
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to whether the anti-HLA antibodies bind to β2m-free and β2massociated heavy chains of HLA.

In any case, early investigators were influenced by the
observation of Ploegh, et al. [43] that neither the lack of
carbohydrate nor the presence of glycosylation affects reactivity
with human alloantisera or the mouse monoclonal Antibody
(mAb) W6/32 that reacts with all HLA-A and -B specificities.
The hybridoma-secreting mAb W6/32 (IgG2a) was established
by immunizing a mouse with membrane from human thymocyte
preparations [44]. The purified form of mAb was used to confirm
that the mAb recognizes HLA-A, -B and -Cw alleles when they are
associated with β2m, but not when they are free from β2m [45].
β2m-free HLA are recognized by the mAb HC10 and also by Q1/28
[46-49]. It is of interest that neither the lack of carbohydrate
nor the presence of glycosylation affected the binding affinity of
these mAbs (W6/32, HC10 and HCA2), which were extensively
used to immunolocalize HLA-I. Obviously, these antibodies bind
to a sequence of amino acids far from the single glycosylation
site (Asn86) in HLA-I. Similar binding was also observed with
some of the polyclonal antibodies in human serum [25] although
patients’ polyclonal anti-HLA sera cannot be restricted only to
these antibodies.

Based on these and similar findings, it became dogma that
glycosyl residues on the HLA-I molecule do not interfere with
antibody recognition of HLA, making it acceptable to define
anti-HLA antibodies and DSA by screening the antibodies with
solid matrices coated with aglycosylated recombinant HLA
molecules. This generalization was also extended to serum antiHLA antibodies for allograft recipients. From the therapeutic
perspective, there exists a possibility that some antibodies in
humans, although binding to beads coated with aglycosylated
HLA, may not bind to glycosylated native HLA, accounting for the
observed fact that, in spite of the presence of such DSA, rejection
does not always occur. It is important to visualize the difference
in size: the glycoslation residue, which is located near the gate of
one end of the peptide groove, is about 30Å, while the diameter
of the peptide groove is 12-16Å.
In this regard, the work of Ferrone’s group [50] is significant.
By employing a diagnostic mAb (Q6/64), they 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 HC of
HLA-I and -II molecules. It should be established whether an
antibody that recognizes a native HLA allele on the cell surface
can also recognize HLA in their true native state in the presence
of glycosylation or aglycosylated HLA. Until that is done, the
HLA antibodies claimed to be “HLA-allele-specific” or “donorHLA-allele-specific” will remain enigmatic. Such antibodies may
account for allograft survival in spite of the presence of a high
level of DS HLA antibodies [51].

Cell-surface HLA diversity caused by the absence
of β2- microglobulin
Another important component of HLA-I immunobiology,
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highly relevant to transplantation, is the naturally occurring
β2m-free HC of HLA that has immunomodulary potential. To
understand the microenvironment of the allograft and how
immune responses (both cellular and humoral) are generated
against the HLA of the allograft, it is important to recognize and
accept the natural existence of β2m-free HC of HLA molecules
both on the cell surface and in body fluids. There is often the
misconception in the literature that β2m-free HC of HLA is
“denatured HLA”. In fact, the recombinant (deglycosylated)
HLA-I molecules coated onto solid matrix or microbeads-with
or without coupling to β2m-are the true denatured molecules
of HLA-I since natural β2m-free HLA-I is glycosylated as is
β2m-associated HLA-I. Recent better understanding about the
proinflammatory cytokine-mediated upregulating of β2m-free
HLA-I and potential novel immunoregulatory functions of β2mfree HLA-I elevates those molecules to a pedestal when it comes
to understanding the immunobiology of transplantation and
the significant role β2m-free HLA-I plays in a variety of immune
functions. The following section validates the immunological
potential of β2m-free HCs of HLA.

W6/32-negative, anti-H serum-positive HLA-I

The anti-HLA mAb W6/32 is a valuable tool for identifying the
HLA-I dimer—the HC, both glycosylated and non-glycosylated,
associated with β2m. While studying the biosynthesis of HLA-I
molecules in the human B lymphoblastoid cell line T5-1, which
is positive for HLA-Al, -A2, -B8, and -B27, Strominger’s group
noted the failure of W6/32 to recognize β2m-free HLA [52].
They also noticed that anti-H polyclonal serum, which failed to
recognize β2m-associated HLA, did recognize β2m-free HLA.
Based on their immunostaining and immunoprecipitation with
W6/32 and anti-H2, they confirmed the presence of two distinct
populations of HLA HCs. W6/32 recognized the HC population
associated with β2m while anti-H specifically precipitated the
HLA molecules devoid of β2m. The group 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 present on the surface of T5-1
were precipitable by anti-H” [52]. Since this report, cell-surface
expression of β2m-free HLA-Ihas received considerable attention;
some investigators have even speculated that β2m-free HC could
be immunologically inert [53]. In any case, expression of β2mfree HCs is observed across lymphocyte subpopulations (CD3+
T cells, CD19+ B cells, CD56+ NK cells and CD14+ monocytes),
and-most important-these HCs are overexpressed particularly
on activated cells and on extravillous trophoblast and monocytes
[54].

Can β2m-free HC hold and present peptides-as does
intact HLA-I?

When HLA-I is assembled in the endoplasmic reticulum and
exported to the cell surface, a peptide of appropriate length and
sequence is incorporated with β2m -associated HC. Peptide
binding to the groove on the α1 and α2 helices of HLA-I results
in the formation of a stable heterotrimer from an unstable
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β2m-associated HC heterodimer. Such a conformational change
provides a strong interaction between the three components
and also signals the release of stably assembled HLA-I molecules
from the endoplasmic reticulum. Very little is known about the
peptide-carrying capabilities of β2m-free HC of HLA-I. Rigney,
et al. [55] studied the peptide-induced conformational change
in HC that lacked β2m: they added synthetic peptides to cell
lysates containing 2m-free HC of HLA-I. Based on the pattern
of conformational changes, the physiological relevance is
implicated. The Rigney group demonstrated that the synthetic
peptides, binding the β2m-free platform, is relatively stable
in physiological buffers and undergoes a conformational
change that is detectable with antibodies. Most important, they
showed that the structural features of peptides that induce this
conformational change in the platform are the same as those
required to observe the conformational change in β2m-associated
HC. These observations confirm that the α1 and α2 domains of
β2m-free HC-which together form the peptide binding site of
class I MHC-are able to act independent of the rest of the molecule.
Springer, et al. showed that the α1 and α2 domains of HC devoid
of β2m can remain stable and peptide-receptive as long as they
are glycosylated [56]. Despite this, the group could not obtain the
crystalline structure of the peptide carrying α1 and α2 domains
of HC devoid of β2m nor could they successfully perform these
experiments on a membrane matrix carrying β2m-free HC [57].

Immunological relevance of β2m-free HC

The first evidence for the immunological relevance of β2mfree HC was provided by Schnable, et al. [58] when they observed
that T lymphocytes, activated in vitro or in vivo, but not resting,
expressed a considerable number of surface β2m-free HLA-I
HC molecules. While W6/32 recognized the β2m-associated HC
of HLA-I, the mAbs L45 and HC10 bound specifically to β2mfree-but not to β2m-associated-HC of HLA-I. W6/32 did not
bind to β2m-free HLA-I. Immunoprecipitation and co-capping
experiments showed that LA45 bound to β2m-free HLA-I HC at
the cell surface. It is interesting that L45 bound to PHA-activated
T cells from a panel of 12 people with different HLA types,
suggesting that LA45 may bind to epitopes shared by all HLA-I
HCs. The β2m-free HLA-I molecules expressed on the cell surface
of activated T cells-or EBV-transformed B cells-are referred to as
“peptide-binding empty HLA” [59,60].

Immunologic potential of β2m-free HC as “open
conformer”

The expression of β2m-free HLA class I HC was confirmed
on activated T cells in vitro and in vivo as well as on B cell lines
(RAJI, NALM6), EBV-transformed B cells, and the myeloid cell line
KG-1A [58,61,62]. The expression of β2m-free HLA observed on
the cell surface in normal human T cells upon activation and cell
division was found to be proportional to the level of proliferation
[63]. Biochemical analysis showed that the β2m-free HCs
(called “open conformers”) present at the cell surface are fully
glycosylated [63]. β2m-free HCs are tyrosine phosphorylated
and are associated with kinase activity. The investigators showed
that inhibition of tyrosine phosphorylation with the Src-family
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tyrosine kinase inhibitor PP2 resulted in enhanced release of
β2m-free HCs from the cell surface of activated T cells. A review of
the literature on open conformers suggests that, as one report put
it, the function of the open MHC-I conformers seems to be related
to their inherent ability to cis-associate, both with themselves
and with other receptors [64]. Data indicate that the open MHC-I
conformers are regulators of ligand–receptor interactions and
have potential implications for immune activation.

“Self”- and receptor-associating immunopotential of
β2m-free HC

In comparison with healthy control tissues, inflamed tissues
(such as in spondylo-arthorpathy) show increased levels of β2mfree HCon CD14b+ monocytes compared with other leukocyte
subsets. The level of β2m-free HC is also increased on activated
dendritic cells on the extravillous trophoblast [54]. The unusual
properties of the β2m-free HC of the B27 allele include an ability
of this β2m-free HC to maintain the peptide binding groove
in vitro [65]. β2m-free HC of HLA-B27 may induce arthritis
in transgenic mice. It is interesting that β2m-free HC-specific
antibodies decreased the disease incidence in this model [66].
β2m-free HCs exist as dimers or in clusters at the cell surface in
vivo [65,67-70], which could have profound effects on receptor
engagement.

HLA class I molecules are also known as ligands for members
of the killer Ig receptor family (KIR) and Ig-like transcript
(ILT)/LIR/LILR family (the new LILR nomenclature is at www.
genenames.org/genefamilies/LIiLR ). Members of these families
bound HLA-B27 in both β2m-associated and β2m-free HC.
HLA-B27 HC with β2m bound ILT2, ILT4, and LIR6 transfectants
but not ILT1, ILT3, or ILT5. β2m-free HC of HLA-B27 bound ILT4
and LIR6. HLA-B27 β2m-free HC bound CD14 cells in peripheral
blood lymphocytes from healthy controls, which was consistent
with ILT4 expression on monocytes. Alternative recognition of
β2m-associated and β2m-free HCs HLA-B27 by KIR or ILT could
influence their immunomodulatory function and may imply a
role in inflammatory disease [71].

Role of β2m-free HC in antibody-mediated signal
transduction

Two important aspects of β2m-free HLA have emerged from
the observations. First, on the cell surface, these molecules are
capable of reacting with “self” to form homodimers. Matko, et
al. [69] made it clear that β2m-free HLA molecules are capable
of clustering upon overexpression on the surfaces of activated and
transformed human cells. Second, β2m-free HLA can interact with
other cell-surface receptors on the activated lymphocytes. On the
cell surface of activated lymphocytes, not only are β2m-free HLA
upregulated but so are IL-2R [72-74], Fc receptors for IgG (FcγRI/
CD64, FcγRII/CD32 and FcγRIII/CD16) [75], IgE (FcεRII)/CD23)
[76], insulin receptors, insulin-like growth factors 1R and IL-2R
[77], alpha-fetoprotein and transferrin receptors [78], a nondisulphide-linked heterodimer of polypeptide chains 33 kDa and
38 kDa called “Me14/D12” [79], MICA [80], and, finally, HLA class
II antigens HLA-DR, -DP and -DQ [81-83].
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Investigation at the Terasaki Foundation Laboratory found
that different regions of β2m-free HLA can be recognized
independently by various epitope-specific mAbs. We have
identified two such domains, one comprising peptide sequences
of α1 & α2 helices (65RSARDTA71 and 143SEQKSNDASE152) and
another peptide sequence that remains cryptic in the presence
of β2m but is exposed upon loss or absence of β2m and is
shared with other HLA class I molecules (117AYDGKDYLT125,
126
LNEDLRSWTA135) [84-88,89-91].
While studying the specificity of anti-HLA-E antibodies—
both commercial and generated in-house-the Terasaki group
observed several anti-HLA-E antibodies that are not specific
for HLA-E. Although generated by immunizing recombinant
β2m-free HLA-E, they bound to all HLA-I molecules coated onto
microbeads, which were monitored on a Luminex platform. Two
of these anti-HLA-E mAbs (TFL-006 and TFL-007) bound to
HLA-A, -B, -Cw, -F and -G [84,85], and these polyreactive mAbs
recognized peptide sequences shared by all HLA classI molecules
[86-88].What is most important, both TFL-006 and TFL-007
suppressed secretion of anti-HLA antibodies by activated B cells
[92] and also the blastogenesis and proliferation of activated CD4+
T lymphocytes [93]. It was postulated that TFL-006 and TFL-007
were able to bind to the shared epitopes in β2m-free HLA, which
were previously hidden in the presence of β2m-associatedHLA.
This in turn signaled T-cell deactivation leading to suppression
of blastogenesis and proliferation. A signal-transducing function
of the cytoplasmic tail is implicated because, in contrast to
β2m-associated HC, β2m-free HLA molecules, overexpressed
on activated T lymphocytes, have an elongated cytoplasmic tail
(the consequence of exon 6 and 7) with phosphorylation sites
(tyrosine and serine at, respectively, positions 320 and 335) [9496].

In contrast to their TFL-006 and TFL-007-which recognize
amino acid sequences shared by almost all β2m-free HLA
molecules but are masked by β2m in β2m-associated HLA—
the Terasaki group [89] also generated mAbs (TFL-033, TFL034, TFL-073 TFL-074, and TFL-145)that specifically recognize
HLA-E, but do not bind HLA-A, -B, -Cw, -F or -G. The group
designated these “HLA-E monospecific mAbs,” and, using mAb
TFL-033, they confirmed the expression of HLA-E on gastric
cancer cells [90]. They also noted that these monospecific mAbs
are specifically capable of inducing CD8+ cytotoxic T cells with or
without co-stimulation. This induction of proliferation of resting
CD8+ T cells by the monospecific anti-HLA-E mAbs-which bind
to α1 and/or α2 helices expressed by HLA-E-specific amino
acid sequences, resulting in a further five-fold increase in the
induction of proliferation of PHA-activated CD8+T cells-suggests
that the phosphorylation of the tyrosyl and serine residues
of the elongated cytoplasmic tail of HLA-E open conformers
may be involved in signal transduction. Open conformers are
situated on the lipid raft of the bi-layered lipid membrane of
non-phosphorylated non-activated CD8+ T cells. Binding of
monospecific anti-HLA-E mAbs to the HLA-E open conformers
may induce Lymphocyte-Specific Protein Tyrosine Kinase (LCK)
to phosphorylate the tyrosyl residue located on the cytoplasmic
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tail of HLA-E. The enhanced proliferation of PHA-activated CD8+
T cells could be due to clustering of β2m-free HLA molecules on
the cell surface as documented by Matko and colleagues [69]
onCD8+ T cells activated by PHA or IFN-γ.

Structure and Functions of soluble HLADiversity of
soluble HLA

Immune responses to an allograft can start as a consequence of
post-surgical injury and inflammation at the allograft site. One can
visualize two kinds of immune reaction in the allograft. The first
is similar to the hypersensitivity reaction-like Arthus vasculitisthat occurs in experimental settings following the injection of
antigens. This is the interaction that may occur between donor
antigens in endothelial linings (such as in vessels and glomeruli)
and antibodies that may pre-exist in recipients: such antibodies
do occur in the circulation of all people during their life span as
pre-existing natural antibodies [84,87,97-103], either masked
or free [104].The other kind of immune response occurs as
a consequence of inflammatory cytokine and/or chemokine
being released by allograft-infiltrating immune cells, which may
include components of both innate and adaptive immunity. The
cytokines may mediate upregulation of β2m-free HLA and HLAII, which are known to occur on activated lymphocytes, and may
mediate shedding of the HLA in the allograft microenviroment
and circulation, constituting a pool of soluble (s) HLA. In short,
a surgical creation of a “new habitat” for an allograft generates
an inflammatory platform. Both injury and inflammation-and
in frequent infection-bring about the activation of immune
cells, leading to the production of cytokines/chemokines that
are capable of promoting overexpression of donor-derived
antigens on the cell surface and/or their release into the allograft
microenvironment.

Early reports on the immunobiology of sHLA

Van Rood, et al. [105] showed that sera from normal people
positive for HLA-A2 could inhibit anti-HLA-A2 antibody while
sera from those without HLA-A2 could not-suggesting the
presence of sHLA-A2in the sera of the A2-positive. Charlton and
Zmijewski [106] proved the same for the A7 sHLA of human
leukocytes in the sera of people positive for HLA-A7. To validate
the hypothesis proposed by these two independent groups that
sHLA (A2 orA7) is responsible for blocking cytotoxicity in A2-and
A7-positive patients, the sHLA should be purified from the serum
and its immunogenicity documented. Terasaki and his team were
the first to isolates HLA-A molecules from serum by ion exchange
chromatography [107-109], using them to immunize rabbits to
generate antibodies [110,111]. Soluble HLA was also identified in
the high-density lipoprotein fractions of human plasma [112,113].
Since platelets contain 73% of the HLA molecules in the entire
blood cell population, it was suggested that sHLA is derived
primarily from platelets [112]. Soon after sHLA was isolated from
both serum and urine, it was characterized for immunogenicity
[114,115]. These constitute the early steps involved in isolating
sHLA, all of which led to a better understanding of its role in
transplantation.
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Two forms of sHLA classI: β2m-associated HC and
β2m-free HC
HLA molecules, like other cell-surface receptors, are
internalized and subsequently re-expressed on the cell surface
by “recycling” [116,117]. It was suggested that release of HLA
molecules either after several cycles of intracellular degradation
or from the cell surface contributes to the serum pool of sHLA-I
[118,119].Early investigators thought that shed sHLA might be
in association with the membrane moieties [106,120], suggesting
that sHLA may occur in association with β2m. However, other
investigators distinguished two forms of sHLA-I in human plasma
and confirmed them as β2m-associated and β2m-free HLA-I
[121-124]. It was postulated that if HLA molecules are shed after
antigen presentation, then conformational changes may occur in
the α1 and α2 helices in the absence of peptides in their groove,
causing dissociation of β2m. Even if they are shed as β2massociated sHLA, β2m may become dissociated in circulation. A
significant correlation between cell-surface expression of β2mfree HC and the amount of soluble HC of HLA was observed, the
average amount of β2m-free HC in the sera determined to be 46.9
+/- 38.6 mM/l [119].

Demaria, et al. [125] further examined the nature of the two
forms of HLA-I by using HLA-specific membrane-bound matrix
metalloprotease (MMP) and determining whether β2m-free HLA
could be released as HLA with “peptide-induced conformations”.
The group showed that dissociation of β2m from the β2mattached HC on the surface of lymphoblastoid (chimeric immune
receptor) cells generated both conformed and non-conformed
β2m-free HC as recognized by conformation-dependent
antibodies. Conformed HC, having bound the HLA-A2-specific
peptide (HTLV-1 tax 11-19), retained proper conformations
after dissociation of β2m. Indeed, MMP cleaved both conformed
and non-conformed surface β2m-free HC and released HC with
preserved conformations. The Demaria team [125] also observed
that exogenous β2m binds only to conformed HC, and protects
them from further proteolysis. To the best of our knowledge,
this is the first report explaining how both β2m-free and β2massociated sHLA occur in circulation.

Allograft-Derived soluble HLA

Mechanism of release of sHLA from the allograft
The release of β2m-free HC is mediated by a Zn(2+)dependent MMP that does not cleave HLA-DR, CD4, or CD71
surface receptors and can be activated by phorbol myristate
acetate in vitro [126]. Specific cleavage by the MMP occurs at a site
close to the papain cleavage site in the α3 of HC. Most important,
this site is not accessible to the MMP in β2m-associated HCthereby emphasizing the presence of β2m-free sHLA-I.
The mechanism underlying the genesis of sHLA-I during
initiation of allograft rejection was demonstrated and discussed
extensively by Burlingham and his co-investigators [127-130].
When DeVito-Haynes, et al. [127], observed donor-derived
soluble β2m-associated HLA-I in the sera of allograft recipients
who had experienced acute and chronic rejection, they
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speculated that soluble β2m-associated HLA-I may result from
upregulation of the cell-surface expression of β2m-associated
HLA-I during allograft rejection. Further observation led to an
understanding of activation-induced upregulation of HLA-I in
vitro, which serendipitously resulted in the expression of β2mfree HLA-I on the cell surface. Most important, these investigators
also confirmed that β2m-free HCs, but not β2m-associated HCs,
are cleaved by a specific MMP and released into supernatants
as soluble 36 kDa proteins. In addition, activated peripheral
blood lymphocytes predominantly produced the 36 kDa forms
of sHLA proteins that appeared in the culture supernatants as
both β2m-free HC and β2m-associated HC. Using an inhibitor
of metalloproteases BB-94, the same group inhibited pokeweed
mitogen-induced release of not only β2m-free HC, but also β2massociated HC. Investigations by both the Burlingham team [127130], Demaria team [126] showed that the possibility of β2massociated HLA being cleaved directly from the cell surface is
highly unlikely since β2m protected the HLA HC from cleavage
by the MMP. Ultimately, the presence of β2m-associated HC in
culture supernatants or in serum or plasma is attributed to the
re-association of shed β2m with β2m-free HC. In support of this
contention, it was shown in a rat model that soluble β2m-free
HC can rapidly re-associate with β2m [131]. These observations
elucidated the role of HLA-I-specific MMP in the healthy and in
generating soluble β2m-free and 2m-associated HLA during
allograft rejection.

Factors augmenting the release of sHLA from allografts

Cytokines and allograft viremia: Further clarifying the
mechanism underlying the formation of soluble β2m-free HLA,
the Burlingham group showed that sHLA is actively released from
primary Bronchial Epithelial Cells (BEC) by the MMP pathway
[129]. The proinflammatory cytokine IFN-γ stimulated the release
of β2m-free HLA from the BEC in a time- and concentrationdependent manner while another proinflammatory cytokine,
TNF-α, which induces the BEC to release IL-8, had little or no effect
on the release of sHLA-I. Based on reports that the inflammation
caused by CMV infection augments release of sHLA in patients,
the same group hypothesized that CMV infection of Endothelial
Cells (EC) may induce host T cells to release IFN-γ, which in turn
may activate the MMP-cleavage pathway to generate sHLA-I
[130] . They analyzed sHLA-I in the supernatants of cultures of
peripheral blood mononuclear cells (PBMC) containing either
uninfected EC or CMV-infected EC (EC/CMV). They observed
that the responder PBMC became activated and released sHLA-I
by the MMP pathway when stimulated by the inflammation
caused by allogeneic EC/CMV. In Transwell® cultures, IFN-γ was
released by PBMC in response to EC/CMV. In addition, the IFN-γ
recovered from the cultures stimulated release of sHLA-I from
uninfected allogeneic EC; this release was also shown to be MMPdependent. These findings implied that the inflammation caused
by CMV infection within the transplanted allograft will not only
stimulate the release of “self” HLA from responding PBMC, but
can also stimulate the release of donor sHLA-I from uninfected
bystander EC, both byway of the class I MMP pathway.
Similar to CMV-mediated production of IFN-γ and TNF-α,
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stimulation of MMP and shedding of soluble HLA-I is observed
after infection of EC by Japanese Encephalitis Virus (JEV), which
is a single-stranded RNA virus that also leads to the production
of IFN-γ and TNF-α, followed by the release/shedding of sHLAIb molecules [132]. An MMP inhibitor also blocked this shedding
of sHLA-E. While identifying the MMP involved in the release of
HLA-I as MMP-9, this team observed JEV-mediated upregulation
of MMP. Addition of the UV-inactivated JEV-infected cell culture
supernatants stimulated shedding of sHLA-E from uninfected EC,
indicating a role for soluble factors/cytokines in the shedding
process. Antibody-mediated neutralization of both TNF-α and
IFN-γ receptors not only resulted in the inhibition of sHLA-E
shedding from uninfected cells but also inhibited HLA-E
and MMP-9 gene expression in JEV-infected cells. Shedding
of sHLA-E was also observed with purified TNF-α and IFN-β,
and adding IFN-β and TNF-α together further potentiated the
shedding. These observations provide clear insight into the
mechanism of shedding of sHLA mediated by proinflammatory
cytokines with or without viral infection.

Donor Specific sHLA in allograft recipients: Observations
made of liver allograft recipients elucidate the shedding of sHLA
and consequent changes associated with the shed HLA. Davies,
et al. [133] observed the presence of comparable levels of graftderived sHLA in the sera of liver allograft recipients and sHLA
in the donor serum. Levels of sHLA in allograft recipients that
increased, post-transplantation, from a detectable pre-transplant
level, and the persistence of sHLA at a high level as long as the
liver allograft functioned confirmed the post-transplantation
shedding of sHLA by allografts. Rhynes, et al. [134] observed that
the serum sHLA levels were low pre-transplant but increased
substantially during the initial 10 days post-transplantation
in liver (n = 9) and heart (n = 12) allograft recipients. In renal
transplant patients, the increase in sHLA-I was noticed prior to
or during 16 of 20 (80%) biopsy-proven rejections and in 9 of
11 (83%) after episodes of infection (bacterial, viral, and fungal).
The most compelling evidence came from the Burlingham
group [135]. Using an HLA-A2-specific ELISA, they monitored
both pre- and post-transplantation sera from five kidney and
eight Simultaneous Pancreas-Kidney (SPK) transplants with
HLA-A2-negative recipients and HLA-A2- positive donors. Donor
HLA-I proteins have been found in the sera of allograft recipients
at high levels (30-300 ng/ml) immediately and continuously after
liver transplantation [135]. DeVito-Haynes et al. hypothesized
that although donor HLA-I proteins may not be secreted
continuously after kidney or pancreas-kidney transplantation,
those expressed on the surface of allograft cells might be released
under the stress of rejection. The group therefore, meticulously
monitored pre- and post-transplantation sera daily from those
five kidney and eight SPK transplants of allografts positive
for HLA-A2 into HLA-A2-negative recipients. This remarkable
study demonstrated that, unlike liver allografts, neither kidney
nor SPK allografts continuously secrete donor HLA-I proteins.
However, three of four rejection episodes in kidney recipients
and all seven rejection episodes in SPK recipients resulted in the
augmentation in the serum of soluble donor HLA-A2 (> 5 ng/ml).
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While total sHLA levels were also elevated during rejection, the
rise in DS sHLA was more dramatic when compared with pretransplantation levels. The presence of donor sHLA-I in sera is
considered “a systemic indication of rejection” of allografts. The
authors’ concluded that detection of donor sHLA in allograft
recipient sera could be a potential noninvasive biomarker of
rejection, especially in the pancreas, which is currently difficult
to monitor as a single-organ transplant.

McMillan, et al. [136] observed sHLA-I in the sera of 40
liver allograft donor-recipient pairs. They observed sHLA-I in
sera obtained from liver donors, as well as from liver transplant
recipients with End-Stage Liver Disease (ESLD) before and after
transplantation at various intervals up to 3 yrs. The sHLA-I in
patients with ESLD had a mean of 909 + 596 ng/ml, greater than
that in the general population (643 ng/ml) (p < 0.05); sHLA-I
secretion decreased as the severity of liver disease increased. In
the recipients, sHLA-I levels stabilized approximately one month
after transplant and remained relatively stable thereafter (mean
level 950 + 536 ng/ml). These observed levels were also greater
than those in the general population (p < 0.05).

It is interestingly that an increase in serum sHLA-I levels
was also observed in patients waiting for a renal allograft and
undergoing Hemodialysis (HD) [137]. Sera of the HD patients (n
=21) were analyzed before and after HD, and HLA-I levels were
significantly higher in those undergoing HD than in the normal
controls (574.8 +431.1 vs. 415.6 +256.1 ng/ml, p < 0.05). Neither
HD duration nor pre- and post-HD serum sHLA-I levels were
different (574.8 + 431.1 vs. 568.3 + 398.4 ng/ml, p > 0.05). After
transplantation, the serum sHLA-I levels significantly decreased
(574.8 + 431.1 vs. 226.7 + 202.8 ng/ml, p = 0.0001) but increased
significantly during rejection compared with the pre-rejection
phase (642.8 + 296.1 vs. 305.5 + 194.7 ng/ml, p = 0.0002). These
observations suggest that sHLA-I levels are stable in uremic
status and sHLA-I and could serve as a potential biomarker for
monitoring acute renal allograft rejection.
Soluble HLA with serum HLA antibodies may form an
immune complex: Davies, et al. [133] identified two molecular
forms of sHLA-I in the sera of donors, recipients, and normal
people. One of the forms of sHLA-I consists of sHLA HC monomers
associated with β2m; the other has a molecular weight indicative
of HLA antigen/antibody complexes. Rhynes, et al. [134] also
noticed the presence of this sHLA-Iin one of the patients who
had rejected the allograft. The molecular weight of one of the
isolated sHLA forms was higher than the usual molecular weight
(near 1,000,000 daltons), which was attributed to the presence
of sHLA/antibody complexes in allograft recipients. It is obvious
from these studies that sHLA may shed from the allograft and
that the shed molecules may remain unattached or may be
bound by pre-existing anti-HLA antibodies from the allograft
microenvironment or by antibodies generated against sHLA for
the purpose of clearing the sHLA from circulation.
Donor-specific sHLA elicits donor-specific anti-HLA
antibodies: The presence of HLA antigen/anti-HLA-antibody
immune complexes in patients’ sera was positively associated
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with chronic humoral rejection (p < 0.0001) [138]. Following
depletion of sHLA by magnetic immunoaffinity, Suciu-Foca et
al. [138], could identify anti-HLA-antibodies in 57% of the sera
obtained from patients undergoing chronic rejection of kidney
allografts compared with the 41% identified prior to antigen
depletion, thereby confirming the presence of HLA antigen/
antibody complexes in patients’ sera. The primary role of the
HLA antibodies may be to clear the sHLA from the circulation of
the host-so anti-HLA antibodies may be generated to perform
the function, some of which could be DS anti-HLA antibodies
and others non-donor-specific. Zavazava, et al. [139] also noted
that during acute rejection episodes-in 20 renal and 30 cardiac
allograft recipients-that both serum sHLA-I/-II and the HLAantigen/antibody complexes were augmented. It was further
observed that serum sHLA in 50 renal and 50 cardiac graft
recipients was elevated to over 2-5 normal levels up to 10 days
before histological evidence of rejection [140]. The investigators
confirmed the presence of DS sHLA (A2) in one cardiac recipient.
The incidence of cytotoxic anti-HLA antibodies in the sera
of cardiac allograft recipients increased from 15% to 42.5%
after thermal dissociation (at 56°C) of sHLA from the immune
complexes formed in the allograft recipients.
Mohana kumar’s group, after purifying and characterizing the
sHLA in liver transplant recipients that had originated both in
themselves and in the donors, observed that the sHLA consisted
of four major polypeptides having the molecular mass of 44, 41,
35-37, and 12 kD complexed with IgM and IgG antibodies [141].
The sHLA-I in the lung Epithelial Lining Fluid (ELF) was also
found to be enriched relative to other proteins, and it increased
in lung allograft recipients who had developed chronic or acute
rejection [142]. The total HLA-I from the ELF was found to
contain a mixture of both donor- and recipient-type HLA-A and
HLA-B proteins; and the donor-type HLA-A2 was found to be
highly enriched in the ELF relative to serum.

Donor-specifics HLA immune complex in allograft
rejection by vascular blockage or arteriosclerosis:
Several investigators [143-148] demonstrated a strong and
consistent association between serum DS HLA antibodies
and arteriosclerosis. These investigators examined both the
occurrence of DSA in allograft recipients’ sera in the context
of arteriosclerosis and the strength of the association between
the DSA and the severity of arteriosclerosis. Reed, et al. [147]
observed that the appearance and persistence of DS serum sHLA
(A2) for more than 26 weeks following cardiac allograft put the
recipients at significantly increased risk (p < 0.01) of developing
transplant-related arteriosclerosis, which is attributed to the
immunogenicity of the allograft-derived serum sHLA (A2) and
production of DS HLA antibodies following transplantation
Loupy, et al. [148], documented in 250 patients (33.6% of the
total cohort) with severe arteriosclerosis (luminal narrowing
>25% due to fibrointimal arterial thickening) a significant
association between the circulating DS-anti-HLA antibodies and
severe allograft arteriosclerosis (HR = 2.9, p < 0.0001). Allograft
endothelial activation, endarteritis, and complement deposition
were observed in patients with severe arteriosclerosis and anti-
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HLA antibodies (n = 91, 12.2%). High levels of anti-HLA antibodies
and their complement binding capacity were associated with
increased severity of arteriosclerosis. Most important, the
patients with antibody-associated severe arteriosclerosis there
was decreased allograft survival and increased mortality (p <
0.0001).

Direct correlation between serum donor-specifics
HLA and serum creatinine levels: Glomerular tubules in the
kidney are involved in the clearance of creatinine, a product
of muscle metabolism. In patients with biopsy-diagnosed
humoral rejection (C4d+), serum levels of both DS and NonDSHLA Antibodies (NDSA) were significantly correlated with
patient serum creatinine levels [149]. Therapeutic prevention of
rejection successfully reduced both DSA and NDSA and reversed
humoral rejection. It is interesting that during the rejection
episodes of renal allograft recipients over a 1-3 month period
post-transplantation, sHLA increased significantly concomitant
with a significant increase in serum creatinine levels. The return
to normal serum creatinine levels are reflected in the levels of
sHLA-I (0.3-1.5 micrograms/ml), a range seen in healthy persons.
Notably, patients without rejection episodes maintained normal
levels of sHLA [150].
Donor-specifics HLA level correlates with acute allograft
rejection: Examining the sHLA levels in 252 sera of 16 liver
allograft recipients, Tilg, et al. [151] observed that the sHLA-I
level in six patients with acute rejection reached a peak on day
2 (870+137 nmol/L) from the normal level of 420 + 210 nmol/L.
However, in patients without any sign of rejection, the level of
sHLA-I decreased to 277+54 nmol/L in the first 10 days posttransplant. Bacterial infection in seven allograft recipients also
raised the level of sHLA, though the source of sHLA was not
identified.
Similarly, Puppo, et al., [152], while monitoring sHLA-I in 16
liver allograft recipients, noted that six who had no evidence of
transplant-related complications showed no change in the level
of serum sHLA whereas the serum sHLA-I level were significantly
raised in the 10 graft recipients with acute rejection episodes.

Rizzo, et al. [153], showed that the level of sHLA-I was
significantly higher in pulmonary allograft recipients with
acute rejection than in those with no rejection. Seventy-two
percent of the patients with rejection had sHLA levels above
the normal range, the levels peaking in the first 2 weeks posttransplantation and decreasing thereafter. Increased levels of
sHLA were found in patients with acute rejection but not in those
with chronic rejection or those who had infection.
Hagihara, et al. [154], examined sHLA-I changes in 33
pediatric live-donor liver recipients. Three different molecules of
sHLA-I (45, 39 and 34-36 kDa) were observed. The investigators
noticed a significant elevation of sHLA-I in six of eight patients
who suffered episodes of acute rejection. All patients with
infectious episodes also had an elevated sHLA-I level. However,
increased sHLA-I was observed in 10 of 22 patients (45%) who
had no clinical complications. From 1 week to 24 months after
grafting, the allograft liver released sHLA-I molecules.
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Donor-specifics HLA, but not its immune complex,
suppresses cytolytic activity of CD8+ T cells: Cell-mediated
immunity is implicated in acute allograft rejection. Survival of
transplanted allogeneic organs during acute rejection is strongly
dependent on escaping or avoiding T-cell reactivity against
foreign MHC products. The particular species of T lymphocyte
involved is identified as alloreactive cytotoxic CD8+ T cells.
Parham, et al. [155], were the first to document the inhibition
of alloreactive Cytotoxic T Lymphocytes (CTL) by peptides
from the α2 domain of HLA-A2. Mathew, et al. [141], showed
the HLA specificity of the CTL by demonstrating that affinitypurified sHLA-A3, but not sHLA-A2, inhibited the cytolytic
activity of an HLA-A3-specific CD8+ T cell line in vitro. Smith, et al.
[141], showed that sHLA-A3 inhibited CTL activity of an HLA-A3
T-cell line by 53%whereas sHLA-A2 had no effect. Furthermore,
sHLA-A3 also increased T-cell death by 77% over the control
whereas sHLA-A2 had no significant effect. However, sHLA-A2
induced 21% apoptosis of an anti-HLA-A2 T-cell line whereas
sHLA-A3 caused only 3% apoptosis. A significant portion of the
sHLA found in the sera of liver transplant patients is complexed
with IgG and IgM antibodies. The sHLA from transplant patient
sera that are complexed with DS anti-HLA antibodies are less
effective in inducing apoptosis than the noncomplexed sHLA. Preincubation of T cells with anti-T-cell receptor mAbs protected the
T cells.
The molecular mechanism underlying interaction between
sHLA-I and CTL is illustrated in the works of Puppo, et al.
[156,157], who clearly documented that sHLA-I antigens purified
from serum interact through their α3 domain with the α chain
of CD8 molecules and that this interaction triggers apoptosis
in PHA-activated CD8+CD95+ T cells. These observations lend
support to the contention that-after dissociation of β2m-the β2mfree HC of HLA-I do indeed interact with CD8+ CTL through the
α3 domain. This finding is confirmed by blocking the inhibitory
effect of pre-incubating sHLA-I antigens with W6/32 mAbs that
bind between the HLA class I α3 domain and CD8 α chain [158];
it is also confirmed by pre-incubation of PHA-activated CD8+ T
cells with anti-CD8 α chain mAbs. Notably, anti-α1 domain HLA-I
mAbs failed to inhibit apoptosis.
Zavazava and Kronke [159] showed that sHLA-I molecules
purified from spleen lymphocytes induce apoptosis in
alloreactive CD8+ T cells, upregulated CD95-L and induced
apoptosis. Cell death was blocked by a neutralizing anti-CD95L
antibody. All these observations clearly pinpoint the role
of sHLA-I-notably, the soluble β2m-free HC of HLA-I-in the
allograft microenvironment: it is capable of causing apoptosis
of alloreactive cytotoxic CD8+ T cells, thereby preventing cellmediated rejection of allograft. It appears that the level of soluble
β2m-free allo-HLA-I is an important factor in the prevention of
acute allograft rejection. As mentioned earlier, Hagihara, et al.
[154], examining sHLA-I changes in pediatric live-donor liver
recipients, noted that increased levels of sHLA-I were observed
in 10 of 22 (45%) patients without any clinical complications.
From the first week to 24 months after grafting, the allograft liver
released sHLA-I molecules. Although augmentation of sHLA has
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been correlated with occurrence of acute allograft rejection, as
noted earlier, the occurrence of sHLA in different molecular sizes
shows that there may be several forms of sHLA-I in circulation:
β2m-associated sHLA and β2m-free sHLA. Again as noted, Puppo
addressed the exposure of the α3 domain, which is cryptic in the
presence of β2m and is important for CTL inhibitory function. It
therefore appears that while β2m-free sHLAmay be associated
with allograft escape from CTL attack [159], the β2m-associated
sHLA or sHLA complexed with antibodies may work against
survival of the allograft.

Soluble HLA-II in Serum

Ferrone and co-investigators were the first to detect serum
sHLA-II molecules using a red blood cell rosette assay [160].
Only one of 19 normal human sera was positive for HLA-DR
molecules. In contrast to healthy humans, some patients with
acute and chronic lymphocytic leukemia, multiple myeloma,
and Waldenstrom’s macroglobulinemia had sera that contained
higher levels of HLA-DR molecules. Most important, Ferrone’s
group further documented the immunogenicity of the soluble
HLA-DR isolated from the body fluids [161].

Later, Herlyn, et al. [162] developed a detection assay with
mAb DDIA to detect HLA-DR in human sera. They used two
antibodies binding to different determinants of the HLA-DR
molecule as a catcher and a tracer. Of 155 sera from normal
people tested, only two had high levels of soluble HLA-DR.
Both sera were from siblings of patients with leukemia. About
55-66% of sera from patients with Acute Lymphoblastoid
Leukemia (ALL) prior to treatment had high levels of sHLA-DR
in their sera. In melanoma patients, detectable levels of sHLADR in serum appeared only in the later stage of the disease.
The above findings on the increased level of sHLA-DR in sera
of patients with ALL were confirmed by Thompson, et al. [163],
using a double-determinant ELISA with two mAbs. They further
compared sHLA-II in the blood of healthy people and of patients
who received either an allogeneic or autologous bone-marrow
transplant. Levels were higher in pre-transplant patients than
in the healthy, and in the majority of patients, these levels rose
even higher at 4 weeks post-transplantation. In addition, the
group also observed sHLA-II in the synovial fluid of patients with
active rheumatoid arthritis. Later, Westhoff, et al. [164] utilizing
two mAbs specific for HLA-DR/-DP (mAb Tii35) and HLA-DQ
(mAb Tii22) measured sHLA-II molecules -DR, -DQ, -DP. The
population analysis of 209 unrelated, HLA-typed healthy donors
showed a mean sHLA-II protein concentration of 1.53 + 2.44 mg/
ml in plasma. McDonald, et al. [165] independently developed
an ELISA to quantify sHLA-II in 702 sera obtained from normal
subjects, patients with ESRD, and recipients of renal, hepatic and
cardiac transplants. In transplant recipients, the McDonald group
did not observe any differences in the levels of sHLA-II between
pre-operative and post-transplant sera but noted that the level of
sHLA-II in the sera of liver allograft recipients was significantly
higher than in kidney patients, and values for heart patients were
lowest of all groups.

Problems
associated
characterizing sHLA

Copyright:
© 2015 Ravindranath et al.

with

identifying

and

It is of interest that none of these studies addressed the
question of whether sHLA-II exists as a monomer or as a dimer
(as expressed on the cells).The studies contrasted their findings
with those of previous observations of sHLA-I, all of which
showed almost the precise reverse. It seems likely that these
clear differences in sHLA-II and sHLA-I concentrations relate to
different physiologic processes in either production, function,
or elimination; or they involve procedural inaccuracy. Nonavailability of allele-specific mAbs could be the reason for lack of
further progress in sHLA-II studies. On the other hand, the same
argument applies to sHLA-I, although observations were rarely
made of allele-specific sHLA-I. Most of the investigations used
W6/32 as capture antibodies and β2m antibodies as detection
antibodies; see Table 2 in [166]. Using W6/32 is ideal for
capturing soluble antigens, but it would be necessary to develop
monospecific mAbs for every HLA-I allele in order to characterize
specifically the nature of the soluble antigens in a solid matrix
assay-either ELISA or Luminex microbeads. Generating
monospecific mAbs for every one of the HLA alleles would the
first step. Recently, the Terasaki Foundation Laboratory has
managed to identify and characterize one such HLA-I-specific
monospecific mAb [84,85].

Conclusion

Both HLA class I and class II molecules expressed on allograft
tissues are implicated in transplant rejection. Antibodies
developed against the donor HLA types (DSA) are often associated
with allograft rejection. However, not all patients with DSA reject
donor organs. It is important to note that the poor allograft
survival in patients with de novo DSA is strongly associated with
acute rejection episodes; it has been observed that without acute
rejection there was no difference in graft survival compared to
DSA-negative cases [167]. Furthermore, in a recent study [168]
of 503 patients with de novo DSA, only 120 (24%) experienced
allograft rejection. Of these, 42 developed acute rejections, 13
had de novo DSA before the acute rejection, and 12 developed
DSA long after acute rejection. Comparing the 78 patients with
de novo DSA who did not experience acute rejection with the 345
who did not have de novo DSA, no difference was observed in
renal function. There are several other such observations in the
transplant literature, suggesting that not all DSA are pathogenic.
How is that possible since these antibodies, by definition,
were developed specifically against the donor antigen? One
possibility is that the anti-HLA antibodies may be an indicator
of the presence of allograft-directed T cells. Alternatively, the
anti-HLA antibodies might not be a result of the immunogencity
of mismatched allo-HLA but could be due to HLA-E molecules,
which are upregulated upon inflammation [169] and are capable
of binding to other HLA-I molecules since they recognize epitopes
shared by all HLA [87]. It is in this regard that our earlier report
described how-by immunizing a non-classical HLA-Ib antigen,
β2m-free recombinant HLA-E-we generated a group of mAbs
that reacted not only to HLA-E but also to other HLA-I molecules.
The anti-HLA-E mAb TFL-006 reacted with 31 HLA-A alleles,
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50 HLA-B alleles and 16 HLA-C alleles in addition to reacting
well with HLA-G and HLA-F [84,85]. Such a polyreactive mAb
is a result of the immunogenicity of the amino acid sequences
in the HLA-E that are common to all other HLA. Using shared
epitopes, the polyreactivity of such mAbs was blocked. All of this
suggests that a soluble β2m-free heavy chain of HLA can elicit
polyreactive antibodies against cryptic, as well as non-cryptic
but shared epitopes (amino acid sequence shared by all HLA-I
molecules); see Figure 2 in [170]. Such polyreactive antibodies
can bind to a solid matrix (such as Luminex microbeads) coated
with an HLA molecule, representing that found in allografts
or in circulation. If such antibody reactivity shows high mean
fluorescent intensity to one of the HLA alleles that belong to the
donor HLA type, the antibodies are wrongly conceived to be DSA
though they are not. Such “DSA”- even if they occur in the sera of
allograft recipients-cannot be pathogenic. Moreover, such antiHLA antibodies may occur in recipients prior to transplantation
(and might be mistaken for “preformed DSA”) in normal people
with or without infection, inflammation, or different degrees of
autoimmune disease. As has been discussed elsewhere [170],
only if we can identify an antibody that remains monospecific for
donor-derived HLA can it be defined as pathogenic HLA. The first
step in screening HLA antibodies in allograft recipients should be
to identify indirectly the monospecific DS antibody that occurs
only in the absence of any NDSA-specific antibodies. Such DS
antibodies could be pathogenic, with the potential of rejecting an
allograft.

The earliest event that occurs after transplantation appears
to be the presence of sHLA, which might have been derived from
the allograft. Again, this review documents the fact that sHLA
is highly prevalent prior to acute rejection. So it is important to
characterize the nature of the sHLA soon after transplantation,
because any-or a combination-of five categories of sHLA may
occur following transplantation: β2m-associated sHLA; β2m-free
sHLA; membrane lipoprotein-associated β2m-associated sHLA;
β2m-associated sHLA/antibody complex; and β2m-free sHLA/
antibody complex. It is certain that the α3 and α2 helices of HLA
should be free of β2m so they can interact with CD8 receptors
to initiate the apoptosis of cytotoxic CD8+ T cells in the allograft
microenvironment. Since the presence of alloreactive CD8+
cytotoxic T cells is detrimental to the survival of the allograft,
eliminating CD8+ T cells is essential to save the allograft from
acute rejection. Release of β2m-free sHLA into the allograft
microenvironment by the allograft tissues is therefore the first
step in escaping shock response and beginning acclimation. But
this strategy for the allograft may not last long because the host
immune system counteracts shed β2m-free sHLA as well as β2massociated sHLA either by neutralizing them with pre-existing
HLA antibodies or by generating novel polyreactive and/or
monospecific mAbs to form an immune complex with the sHLA.
Anti-HLA antibodies, produced against the donor HLA can
complex not only with sHLA but also with the cell-surface HLA of
the activated endothelial cells present in the vicinity of the allograft
either as arteries or as glomerular tubules. Arteriosclerosis is
one of the consequences of the HLA/antibody complex in the
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vessels. Another complication is that such blockage can affect the
glomerular filtration rate leading to increased serum creatinine
levels. Whether these events occur soon after transplant or long
after transplant, they are bound to cause rejection of the allograft.
There are not yet any studies that show whether antibodies are
produced against the glycosylation residues of HLA. Often, IgM
antibodies are elicited against glycosyl residues and production
of such antibodies occurs in a T-cell-independent manner
involving CD5+ B1 B cells. Such IgM antibodies can be expected
to exert a highly deleterious effect on the allograft if they pass
through the endothelial venules.
While the HLA molecule is the centerpiece of the
immunobiology of transplantation, the soluble HLA molecule
is an important player in allograft survival or rejection. Two
considerations make it seem unlikely that the involvement of
sHLA in allograft outcome is merely a bystander effect. First,
there is the ability of the sHLA to bind to receptors on CD8+ T
cells [171,156-159], with such interaction capable of inducing
apoptosis of CD8+ cells and arresting of cytolytic capability
[141,156,157]. Second, there is the recent report of a monospecific
monoclonal anti-HLA-E antibody able to induce proliferation and
blastogenesis of CD8+ cells in vitro [93]. Both phenomena point
to a therapeutic strategy. It is also important to note that it is not
just one kind of soluble mismatched HLA that occurs in the blood
of allograft recipients; there are, at minimum, two different kindsβ2m-free and β2m-associated heavy chains of soluble allo-HLA.
The functional distinctions of these two kinds of sHLA require
further study. Furthermore, the role of glycosylation residues of
HLA deserves more serious attention in the future to obtain a full
picture of organ rejection post-transplantation.
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