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RESUMO

O rim ¢ o orgdo mais frequentemente transplantado no mundo. O transplante renal esta
associado a melhorias significativas na qualidade de vida e na longevidade de pacientes com
faléncia irreversivel desse orgao.

Mesmo havendo histocompatibilidade HLA entre paciente e doador, terapia com
imunossupressores ¢ ainda necessaria para minimizar os efeitos de anticorpos que teriam como alvo
imune antigenos de histocompatibilidade secundérios (MiHAs) presentes no 6rgdo transplantado e
que poderiam desencadear a rejeicdo e perda de enxerto. Pouco se conhece sobre o papel destes
antigenos MiHAS, especialmente a molécula MICA, como indutor e alvo de resposta imune.
Portanto, foi realizado uma revisdo sobre o papel de MICA e anticorpos anti-MICA no transplante
renal. A continuidade deste estudo se deu com a investigacdo de MICA e HLA-G, ambas moléculas
com fun¢do imunomoduladora antagdnica na resposta imune. MICA tem sido considerado como
um MiHAs e potencial alvo de resposta imune mediada por anticorpos, enquanto HLA-G ¢ descrito
como um inibidor da resposta imune. Genotipos MICA, NKG2D e HLA-G de pacientes
transplantados foram avaliados. Nosso estudo teve como principal objetivo desenvolver um Modelo
de Pontuacdo de Risco (MPR) para avaliar pacientes que apresentam um risco maior ou menor de
desenvolver a disfuncdo de aloenxerto renal. Outros objetivos foram: avaliar a relevancia de
genoétipos e fendtipos de MICA (sMICA) e HLA-G (sHLA-G) para o prognostico dos pacientes
transplantados e comparar os niveis soliveis de sHLA-G e sMICA entre os grupos de pacientes
transplantados (n=67), pacientes renais cronicos (n=32) e controles saudaveis (n=79). As amostras
sanguineas para andlise de plasma foram coletadas no pré-transplante e até trés meses apos o
transplante renal. Utilizou-se a técnica ELISA para avaliacdo dos niveis plasmaticos de sMICA e
sHLA-G. As genotipagens de MICA, NKG2D e HLA-G foram realizadas por PCR-SSOP, RT-PCR
e SBT, respetivamente. Esses resultados foram relacionados com 40 variaveis clinicas obtidas dos
pacientes transplantados. Dos pacientes renais cronicos e controles saudaveis foram avaliados os
genoétipos e os niveis de SHLA-G e sMICA, os quais foram comparados com aqueles dos pacientes
transplantados. Na constru¢do do MPR estruturado a partir de todas as varidveis ndo invasivas
(demograficas, clinicas, genéticas), aquelas que se mostraram mais fortemente associadas ao risco
de disfun¢do do aloenxerto renal foram: presenca de anticorpos HLA doador especifico (DSAs),
transplantes e transfusdes sanguineas precedentes ao transplante monitorado, abortos prévios, uso
de ATG em terapia de indugdo, género masculino e idade dos doadores superior a 55 anos.
Interessantemente, na criagdio do MPR os gendtipos MICA e HLA-G ndo se mostraram como
variaveis relevantes para o aprimoramento do modelo. No entanto, o papel antagonico
anteriormente hipotetizado, entre MICA e HLA-G foi evidenciado quando genotipos portadores do
alelo MICA AS5.1 mostraram-se associados a fenotipos alto produtores de SMICA e baixa de sHLA-
G, enquanto aqueles genotipos portadores de HLA-G*01:04P mostraram- se associados com a alta
producdo de sHLA-G e baixa de sMICA. Estes achados demonstram a presenca de potenciais
gendtipos-fendtipos MICA-HLA-G caracteristicos a serem encontrados em pacientes com maior ou
menor risco imunologico em desenvolver rejeigao.

Palavras chaves: MICA. HLA-G. NKG2D. transplante renal.



ABSTRACT

The kidney is the most frequently transplanted organ in the world, and this treatment is
associated to significant improvements in the quality of life and longevity of patients with end-stage
renal disease. Even when there’s HLA histocompatibility between patient and donor, a standard
immunosuppressive therapy is still needed to reduce the antibody effects that target the MiHAs
(minor histocompatibility antigens) present in the transplanted organ, which could be responsible
for rejection. Very little is known on MiHAs’ function, especially in regards to the MICA molecule.
This is the reason why a review on MICA and anti-MICA antibodies in renal transplant was written.
This review led to a further research to better understand MICA and HLA-G’s roles, two molecules
with an antagonist immunoregulatory function. From literature it emerged that MICA has been
treated as a MiHA and as a possible target of an antibody-mediated immune response. Meanwhile,
HLA-G has been described as an inhibitor of the immune response. In our research, MICA, NKG2D
and HLA-G genotypes of kidney transplant patients were taken into account.

The target of our study was to find a Risk Score Model (RSM) to evaluate patients
exhibiting higher or lower risk for allograft dysfunction development. Other focus points of our
study were: to investigate the role of MICA (sMICA) and HLA-G (SHLA-G) genotypes and
phenotypes in the prognosis of kidney transplanted patients and compare the levels of soluble HLA-
G and soluble MICA between groups of transplanted patients (n=67), chronic renal patients (n=32)
and control group (n=79). Plasma samples were collected in the time that went from before
transplant up to 3 months after transplant. Soluble HLA-G and MICA levels were detected by
ELISA, while MICA, NKG2D and HLA-G genotyping was performed by PCR-SSOP, RT-PCR
and SBT, respectively.

Chronic renal disease patients and controls were evaluated for sHLA-G and sMICA plasma
levels, comparing them with those of transplanted patients. The Risk Score Model is composed of
40 non-invasive variables (demographic, clinical, treatment, genetic) obtained from transplanted
patients. The ones which showed to be more strictly correlated to the risk of malfunctions of the
transplanted organ were: total donor-specific antibodies (DSA), DSA positive against selected
donors, previous transplant, previous blood transfusion and previous abortion, use of ATG in
induction therapy, male gender and donors’ age higher than 50 years.

It’s noteworthy that, during the creation of the RSM, MICA and HLA-G genotypes didn’t
appear to be especially relevant variables for the model. Nevertheless, the antagonistic role of
MICA and HLA-G has resulted in the association of MICA-A5.1 genotypes with high production of
soluble MICA and a low one of soluble HLA-G, while the HLA-G*01:04P genotype was connected
with a high production of sHLA-G and a low one of sMICA. These results prove the presence of
potentially characteristic MICA-HLA genotypes/phenotypes, which can be found in patients with
higher/lower risk of rejection.

Keywords: MICA. HLA-G. NKG2D. Kidney transplant.
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1.0 INTRODUCTION

There’s a strong relationship between allograft loss and HLA antibodies (TERASAKI,
2003). This isn’t the only cause though, as multiple studies have shown that non-HLA antigens can
also be involved in graft failure, even when the patients had good HLA matches and were subjected
to standard immunosuppressive therapy (BAHRAM et al., 1994).

Solid organ transplantation has been one of the most remarkable and dramatically
therapeutic advances in medicine of the past 60 years. This field has progressed initially from what
can be accurately called a ‘‘clinical experiment’’ to routine and reliable practice, which has proven
to be clinically effective, life-saving and cost effective when compared with non-transplantation
management strategies of both chronic and acute end stage organ failures (SAYEGH and
CARPENTER, 2004; STARZL, 2000, SUTHANTHIRAN and STROM, 1994). This remarkable
evolution stems from a serial confluence of: cultural acceptance; legal and political evolution to
facilitate organ donation, procurement and allocation; technical and cognitive advances in organ
preservation, surgery, immunology, immunosuppression; and management of infectious diseases.
The history of organ transplantation has also been laced with pure serendipitous discoveries, tragic
accidents, unfulfilled promises, abandoned paths, and incidents or practices that have produced
legal or ethical quandaries. These features all combine to make the field a dynamic work in

progress.

1.1.1 HISTORY OF TRANSPLANTATION

By the early twentieth century, successful transplantation of non-visceral tissues such as
human skin and cornea had already been reported (CHICK, 1988; ZIRM, 1989). The most
important developments in this period include: experimentation with organ transplantation in
animal models; attempted (but failed) kidney transplantation in humans; and observational but
seminal discoveries pertaining to the timing, clinical manifestations, and immunologic mechanisms
of allograft rejection in immunosuppressive naive recipients (CHICK, 1988).

Rapid advances in experimental and clinical surgical skills, including vascular anastomotic
methods from the late nineteenth century into the early twentieth century, forged a knowledge and
technical skills base upon which experimental visceral organ transplantation, principally kidney,
could be performed in animals (CARREL, 1963). World War I and the Great Depression initially
slowed advances in transplantation knowledge and experimentation. The field was reinvigorated
with the increased need for skin allografts for severe burns and other battle injuries. Success,

though, continued to be limited by rejection (ONO, 2004).
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Peter Medawar, a British surgeon who was assigned to investigate the mechanisms of skin
allograft rejection, showed that serial full-thickness skin allografts in cattle were rejected more
vigorously. He also found that skin grafts between monozygotic (fraternal) twins promptly thrived
and were tolerated; this finding supported the concept that allograft rejection was an immunologic
phenomenon with the classic immune properties of sensitization, memory and tolerance, all
concepts, which have stood to the present day (BILLINGHAM et al., 1953; ONO, 2004). These
findings, coupled with subsequent experiments in rabbits that demonstrated that allograft rejection
was modified with the administration of corticosteroids harnessed from the adrenal glands, formed
the rationale for ultimately targeting the host immune system of allograft recipients
(BILLINGHAM et al., 1953).

Peter Bent Brigham Hospital documented the first successful transplantation of a kidney
between living identical twin brothers (Ronald and Richard Herrick). The recipient, Richard, had
been supported on an artificial kidney machine invented in Holland and modified at the Peter Bent
Brigham Hospital. The procedure was both a surgical and immunologic success as the recipient
survived 8 years with intact renal allograft function and no evidence of rejection before succumbing
to cardiovascular disease (MERRIL, 1960; MERRILL et al., 1956).

In 1960, the first renal transplantation managed with only pharmacologic
immunosuppression (cyclophosphamide and methotrexate) was a female recipient of her mother’s
kidney (GOODWIN et al., 1963). Recovery of the recipient’s bone marrow was accompanied by
intermittent rejection managed with prednisone; however, the recipient expired after 143 days. In a
series of ten kidney transplantations in the early 1960s that were immunosuppressed with either 6-
mercaptopurine or azathioprine, there was only one 6 month survivor (MURRAY et al., 1962).

Landmark studies performed by Dr. Thomas Starzl in the early 1960s, while he was at the
University of Colorado, showed that very high doses of prednisone (200 mg/d) added to
azathioprine were able to reverse renal allograft rejection and induce host tolerance whereby the
subsequent required immunosuppressant dose was diminished over time (STARZL et al., 1963).

In 1967, in a remarkable paper titled ‘‘Death After Transplantation’” (HILL et al., 1967),
Starzl summarized the outcome of the first 125 organ recipients at the University of Colorado. This
patients group was immunosuppressed with a variable combination of irradiation, splenectomy,
thymectomy, high-dose corticosteroids, and azathioprine. The first 60 reported deaths demonstrated
a remarkably high rate of opportunistic bacterial, fungal, viral and protozoal infections, often
multiple, many of which were undetected and untreated ante-mortem. The dominant pathogen was
cytomegalovirus, an invasive disease that was present on 50% of autopsies (MURRAY et al.,

1962).
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Nevertheless, further advances in immunosuppressive pharmacology, customized to solid
organ transplantation needs, were taking place. In 1966, the development of polyclonal anti-
lymphocyte globulin (ALG) was synthesized from the serum of horses inoculated with human
leukocytes. ALG supplanted the limited practice of thoracic duct drainage to achieve lymphocyte
depletion and was used only in a minority of kidney and liver recipients as part of a ‘triple
regimen’’ with steroids and azathioprine. It was the class precursor of future soluble anti-
lymphocyte and anti-thymocyte polyclonal and monoclonal preparations, which became valuable
adjuncts for the management of refractory rejection and, at some centers, for immunosuppressive

induction (STARZL et al., 1963).

1.1.2 TRANSPLANTATION IN BRAZIL

Brazil is a country with over 190 000 000 inhabitants and a public health system managed
by the government (SILVA et al., 2011) (IBGE, <http://www.ibge.gov.br>). The state of Parana
(Brazil) in 2016 had 543 kidney transplantations, making it one of Brazil's states with the highest
number of kidney transplants per year. In 2015 Brazil was the second largest country in the absolute
number of kidney transplants (n = 5648) (ABTO <http://www.abto.org.br>). The still increasing
number of transplants performed every year, along with more efficient regulatory and sanitary
analysis, organized clinical research programs and reduction in regional performance disparities
will eventually further increase the participation of Brazil in trials worldwide (SILVA et al., 2011).

The development of transplant programs in Brazil was linked to the implementation of an
integrated system for the treatment of patients with end-stage kidney diseases. From 1976 to 1986,
the number of patients undergoing dialysis increased from 500 to 9000 while the number of kidney
transplants increased from 729 to 820. This disproportional growth was due to more attractive
reimbursements and relative procedure simplicity of dialysis over transplantation. In 1986 the
Brazilian Association for Organ and Tissue Transplantation (ABTO) was founded and started
taking decisive actions to influence the development of future policies to increase the number of
transplants in the country (PEGO-FERNANDES and GARCIA, 2010; SILVA et al., 2011).

In 1997 the National Transplant System (SNT) was created to coordinate and develop the
process of recovery and distribution of tissues, organs and parts taken from the human body for
therapeutic purposes. SNT is an integrated and decentralized system composed by the National
Centre for Notification, Procurement and Distribution of Organs (CNNCDO), located at Brasilia
airport, and by state Centres for Notification, Procurement and Distribution of Organs (CNCDO)

who organize organ procurement, allocation and waiting lists. Organ and tissue procurement
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services (SPOT) and regional hospitals coordinate the procedures of organ procurement and

recovery (PEGO-FERNANDES and GARCIA, 2010).

1.2.0 KIDNEY TRANSPLANTATION

Chronic kidney disease (CKD) is associated with debilitating consequences and a
reduction in life expectancy, and commonly progresses to end-stage renal disease (ESRD), in which
renal replacement therapy is required to prevent death from uremic complications. Dialysis and
transplantation are the two treatment options for ESRD. There are mainly two different forms of
maintenance dialysis in existence: Haemodialysis (HD) (the patient’s blood is taken out of the body
through a complex set of tubes, run through a filter called dialyzer, and returned back to the patient)
and Peritoneal Dialysis (PD) (a dialysis technique that uses the patient's peritoneum as a filter)
(SINNAKIROUCHENAN and HOLLEY, 2011). Compared with dialysis, transplantation is
associated with a significant improvement in quality of life and in overall longevity (CURRY,

2004).

1.3.0 TRANSPLANT IMMUNOLOGY

The immune system response to allografting is a multistep process that involves both the
adaptive and innate immune systems. In the adaptive immune system, T-cells become activated on
recognition of alloantigens presented by donor and host antigen-presenting cells (APCs)
(AUCHINCLOSS and SULTAN, 1996). T-cell activation results in the activation and recruitment
of other cell types, and in T-cell maturation to effector cells, which induce tissue destruction and the
production of cytokines (HALL, 1991).

One of the most important functions of the innate immune system is the activation of the
adaptive immune system through a process known as antigen presentation. Allograft injury, induced
by the re-perfusion response, initiates an innate immune response by activating innate immune cells
(such as donor-derived and recipient-derived toll-like receptor—bearing dendritic cells and innate
lymphocytes, natural killer cells, dendritic cells, and macrophages) as well as humoral factors
(complement, natural IgM antibodies) (LAND, 2007). These innate immune cells act as
inflammatory cells promoting rejection by directly damaging the graft. Alternatively, the acute
innate intragraft inflammatory response can initiate and expand the adaptive alloimmune system,
because the innate inflammatory cells act as APCs to the different major histocompatibility
complex (MHC) antigens. Innate immune cells can also regulate differentiation of T effector cells
by the virtue of their cytokine production, thus affecting the nature and strength of the rejection

response (LIU and LI, 2010).
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Most of the immune targets in an allograft are the polymorphic human leukocyte antigens
(HLA) molecules. Class I HLA antigens are expressed in all nucleated cells, such as tubular cells,
and interacts with CD8" T-cells. HLA class II molecules are expressed on activated cells and on
APCs. T cells are activated by graft antigens either directly through cross-linking with HLA
molecules or more commonly, indirectly, via interacting with APCs that are processing donor
antigens. This interaction requires the engagement of the cell receptor and accessory activation
molecules. T-cell activation results in expression of T-cell activation markers, secretion of
cytokines such as interleukin 2 (IL-2), leading to activation and mobilization of CD4" and CD8"
cells into the graft, and creates the conditions prompting graft infiltration (HEEGER and
DINAVAHI, 2012). Activated T-cells can also help B cells, which in response to antigenic
stimulation are triggered into differentiation to antibody-producing plasma cells and memory cells
(BLOOM et al., 2009). Antibody-mediated rejection (ABMR) is triggered when enough circulating
antibodies to allograft antigens are present or produced. Antigen-antibody interaction and
deposition in the graft to complements activation and triggers of an inflammatory response is
centred on endothelial surfaces of the peritubular and glomerular capillaries (STEGALL et al.,
2012). In addition, T-cell activation induces activation of cytokines and other inflammatory
mediators, both within the interstitium and around blood vessels. This activation results in up
regulation of vascular endothelial adhesion molecules, which attract inflammatory cells into the
vascular space. Graft infiltrating cells recognize class I alloantigens on donor tubular cells, whereas
vascular endothelial cells express both class I and class II MHC antigens. Inflammatory activation
of the endothelium increases the intensity of class II expression and may also accentuate the
expression of other alloantigens, such as endothelial-monocyte antigens, and other polymorphic
alloantigen systems, which can be particularly important in the evolution of vascular rejection

(DELVES and ROITT, 2000).

1.4.0 REJECTION CLASSIFICATION

Based on the timing of its occurrence, rejection was classified as hyperacute, acute,
and chronic. Although these terminologies have been replaced by more histologic nomenclature,
they still provide a useful guide to the cause and progression of rejection. Hyperacute rejection
started immediately after perfusion and was related to the presence of high levels of antidonor
antibodies, the deposition of which on the vascular endothelium led to complement activation and
intravascular thrombosis. Advances in antibody detection by single antigen beads have almost
eliminated this type of rejection. Acute rejection described a rejection usually occurring early after

the transplant and characterized by lymphocytic infiltration, whether in the tubules (acute cellular
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rejection) or the blood vessels (acute vascular rejection (AVR)) (GABER et al., 1992). Chronic
rejection was believed to be related to chronic slow antibody deposition, leading to progressive

vascular sclerosis of the allograft (GABER et al., 1992).

1.5.0 HLA (HUMAN LEUKOCYTE ANTIGENS)

The principal antigenic barrier to transplantation is a series of molecules, which are
polypeptide products of a closely linked cluster of genes known as the major histocompatibility
complex (MHC) or human leukocyte antigens (HLA) in humans. The MHC is polymorphic
between individuals and segregates in families in a Mendelian codominant fashion
(SUTHANTHIRAN and STROM, 1994). In humans, the HLA is located on the short arm of
chromosome 6 and occupies a large segment of DNA, extending about 3500 kilobases (kb)

(FIGURE 1) (ABBAS A K, 2012).

"Class III"

Class Il MHC Class |
MHC locus  locus ~ MHC locus
P O
Class Il Region
Proteasome genes
TAP2 DR
Tapasin Br A1 AB JAP1 2 Al Bi 5345 A
\DOA DOB /A2 B1 / l
Y/! ‘/Y ! Y
| H W4 —
| S . — T — T 1
0 200 400 800 1000
| Class il Reglon |
C4A Factor B TNF-o. _ MIC-B
C4B C2
e L2 —LNIPAL
AAM o i
[y " S ' [ \
1000 1200 1400 1600 1800 2000
| Class | Region |
MIC-A HLA-B HLA-C HLf-E
[ - 1
LT . LT .. T LT .. T .
2000 2200 2400 2600 2800 3000
| Class | Region |
HLA-A HLA-G HLA-F
| 1
A (-
[ - Y I ¥ T k | ! I ¥ | . I d I ' | ’ ]
3000 3200 3400 3600 3800 4000

kbases
FIGURE 1 - THE GENES LOCATED WITHIN THE HUMAN MHC LOCUS ARE ILLUSTRATED.
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The classical human class I HLA genes were first defined by serologic approach (antibody
binding). There are three class I MHC genes called HLA-A, HLA-B, and HLA-C, which encode three
class I MHC molecules with the same names (ABBAS A.K, 2012). However, another interesting
group exists, called non-classical HLA I class, or class Ib molecules. The HLA class Ib antigens,
HLA-E, -F and -G, share some characteristics with the class I antigens, but also differ from them in
a range of ways (CAROSELLA et al., 1999); in addition, a new family of highly glycosylated
MHC-encoded molecules, the MHC class I chain-related (MIC) genes, has been identified. The
MIC molecules possess a low degree of homology to other MHC class I encoded genes and interact
with both T-cell and natural killer (NK)-cell receptors (BAHRAM, 2000).

Class II MHC genes were first identified by use of assays in which T-cells from one
individual were activated by cells of another individual. There are three class II HLA gene loci
called HLA-DP, HLA-DQ, and HLA-DR. Each class II MHC molecule is composed of a
heterodimer of a and B polypeptides, and the DP, DQ, and DR loci each contain separate genes
designated A or B, encoding a and B chains, respectively (ABBAS A.K, 2012). Class Il MHC
genes include genes encoding proteins involved in the immune system; the complement genes C4,
C2 and Bf (factor B), tumor necrosis factor alpha (TNF-a), tumour necrosis factor beta (TNF-f)
(lymphotoxin) and heat-shock protein (HSP70) genes. Genes with no obvious association with the
immune system have also been identified in this region. Apart from the complement components,
this region also contains two genes coding for the steroid hormone, 21-hydroxylase or CYP21. The
CYP214 gene is frequently deleted in specific HLA haplotypes, particularly the extended haplotype
HLA-AI, B8, DR3, SCOI in Western Caucasians (MEHRA et al., 2001). This haplotype is known to
be associated with insulin-dependent (type 1) diabetes mellitus (MEHRA et al., 2001).

The nomenclature of the HLA locus takes into account the enormous level of polymorphism
identified by serologic and molecular methods. Thus, based on modern molecular typing, individual
alleles may be called HLA-A*02:001, referring to the 01 subtype of HLA-A2, or HLA-
DRBI1*04:001, referring to the 01 subtype of the DR4 allele in the B1 gene, and so on (ABBAS
A K, 2012).

1.5.1 HLA-A, HLA-B, HLA-C

HLA-A, B and C molecules are heterodimeric glycoproteins consisting of an MHC-encoded
a or heavy chain of about 44kDa and a non MHC-encoded light chain (3;-microglobulin) of 12 kDa
molecular weight (FIGURE 2). The a chain is approximately 350 amino acid residues long and can
be divided into three functional regions: external, transmembrane and intracytoplasmic. The

extracellular portion of the heavy chain is folded into three globular domains (o, oz and a3), each of
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which contains stretches of about 90 amino acids encoded by separate exons. While the a; and o,
domains take part in antigen binding (antigen-binding domains), the oz domain is essentially
conserved. The transmembrane region (23—25 amino acid residues) spans the lipid bilayer of the
plasma membrane while the cytoplasmic region (30—32 amino acid residues) contains elements
responsible for association with the cytoskeleton (BJORKMAN et al., 1987).

The PB-microglobulin is a soluble protein encoded in humans by a gene located on
chromosome 15; it associates non-covalently with the heavy a chain. Cells lacking f»-
microglobulin are deficient in the expression of MHC class I molecules, indicating its important
role in the transport of these molecules to the cell surface. Recently, X-ray crystallography of the
HLA-A2 molecule has provided an exciting leap forward in our understanding of the three-
dimensional structure of the MHC (BJORKMAN et al., 1987). It has become clear that the
membrane-proximal structures (o3 and f,-micro-globulin) are folded to form immunoglobulin-like
domains, and thus MHC molecules are considered to be part of the immunoglobulin gene
superfamily. The a3 and ,-microglobulins are responsible for imparting general shape to the class I
molecule by providing a platform for top-lying polymorphic domains. Furthermore, the oz domain
contains binding sites for the a chain of the CD8 glycoprotein, which is important for the
recognition of antigens by cytotoxic T-cells. It is now also clear, that the region distal from the
membrane is formed by the a; and o, domains, each consisting of four B strands forming a platform
which constitutes the antigen-binding site. Thus, the two a helixes form the sides of a cleft whose
floor is formed by a plane of eight antiparallel B-pleated sheets. The dimension of this cleft (2.5 X
1.0 X 1.1 nm) is large enough to accommodate peptides ranging from 10 to 15 amino acid in
length, depending on how the peptide is folded (BJORKMAN et al., 1987).

The peptide translocation from the cytosol into the lumen of the ER is accomplished by the
transporter associated with antigen processing (TAP). TAP is a member of the ABC transporter
family and is a heterodimeric multimembrane-spanning polypeptide consisting of TAP1 and TAP2.
The two subunits form a peptide binding site and two ATP binding sites that face the cytosol. TAP
binds peptides on the cytoplasmic side and translocates them under ATP consumption into the
lumen of the ER. The MHC class I molecule is then, in turn, loaded with peptides in the lumen of

the ER (KOOPMANN et al., 2000).
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FIGURE 2 - BIOCHEMICAL STRUCTURE AND THREE-DIMENSIONAL FOLDING
OF HUMAN LEUCOCYTE ANTIGEN (HLA) CLASS I AND II MOLECULES.
The two antigen-binding domains in class I molecules are contributed by the heavy a chain,

whereas both o and B chains contribute the same in the class II molecule.
SOURCE: (MEHRA, 2001).

1.5.2 HLA-DR, HLA-DQ, HLA-DP

Structurally, the class II molecules are similar to class I molecules and are expressed as
heterodimers on the cell surface with one heavy a chain (molecular weight 34 kDa) and one {3 chain
(molecular weight 29kDa) of integral membrane glycoproteins (FIGURE 2). Three-dimensional
structural differences between the two include an altered position of the immunoglobulin-like f3,
domain relative to that of the a; domain of class I HLA, and considerable changes in the peptide-
binding site.

The DR region contains multiple, highly polymorphic 3 genes and only one invariant o
gene. The conventional serologically defined DR molecules (DR1-DR18) are coded by the DRBI
gene, whereas the DR52 and DRS53 specificities are encoded by the DRB3 and DRB4 genes
respectively. DRB2, DRB6, DRB7, DRB8 and DRB9 are pseudogenes without a first exon. The DQ
subregion contains five genes, DQAI, DQA2, DQBI, DQOB2 and DQB3, of which DQA2, DQB2
and DQB3 are not known to be expressed. In contrast, both DQA1 and DQBI1 are functional and
polymorphic, expressing four different types of DQ molecules by different ‘cis’ and ‘trans’
combinatorial events (BJORKMAN et al., 1987). The DP subregion contains two o and two 3
genes, with DPA2 and DPB2 being pseudogenes. DPBI shows extensive polymorphism, while
DPA1 displays limited polymorphism (BJORKMAN et al., 1987).
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1.5.3 HLA-E, HLA-F

HLA-FE consists of 8 exons. Of these, the first encodes the leader peptide sequence, exons 2,
3 and 4 encode the MHC immunoglobulin-like o domains 1, 2, and 3, respectively, exon 5 encodes
the transmembrane domain and exons 6 and 7 encode the cytoplasmic tail. Similar to HLA-G,
HLA-E forms a complex with 2 microglobulin (GRIMSLEY et al., 2002). HLA-F consists of 8
exons and is organized in a similar way as HLA-E. Thus, the first HLA-F exon encodes the leader
peptide, exons 2, 3, and 4 the MHC immunoglobulin-like oo domains, exon 5 the transmembrane
domain and exons 6 and 7 the cytoplasmic tail. Three splicing variants of HLA-F have been
described so far, leading to the synthesis of HLA-F isoforms that differ from each other in the
length of the cytoplasmic tail. Similar to other HLA molecules, HLA-F can form a complex with 32
microglobulin (COUPEL et al., 2007).

HLA-E is expressed on the surface of the trophoblastic cells (during pregnancy) as well as
following organ transplantation, viral infection, inflammatory conditions, and autoimmune diseases.
Transcription of HLA-E has been detected in almost all cell types, although expression of the
corresponding protein on the cell surface is mainly restricted to endothelial cells, T and B
lymphocytes, monocytes, and macrophages. Interestingly, while cells of the immune system express
HLA-E at high levels, endothelial cells exhibit reduced levels of HLA-E on their surface, much
lower than those of most MHC class Ia genes. Only when endothelial cells are exposed to pro-
inflammatory cytokines such as tumor necrosis factor a (TNFa), IL-1p and IFNY, do they produce
and display on their surface increased levels of HLA-E (WADA et al., 2004).

Some evidence indicates that HLA-G could act in concert with HLA-E in immune
regulation. Thus, it has been proposed that some HLA-G isoforms stimulate the expression of HLA-
E on the cell surface (WADA et al., 2004). HLA-E binds killer cell lectin-like receptor subfamily C,
member 1 (KLRCI, an activatory receptor best known as NKG2A) and KLRC2 (an inhibitory
receptor best known as NKG2C) on NK cells, T lymphocytes and macrophages (WADA et al.,
2004). Interestingly, several groups have observed an interaction between peptide-loaded HLA-E
molecules and the T-cell receptor (TCR) of CD8+ T cells, and CD160 (LI et al., 2001).

HLA-F is expressed by peripheral blood B cells, B-cell lines as well as by all tissues
containing B cells (adult tonsils, thymus, bladder, skin, fetal liver, and major sites of B-cell
development) (Le bouteiller P, 1996). HLA-F has also been detected in embryonic tissues,
including the extravillous trophoblasts invading maternal deciduas, and in spermatozoids (LE
BOUTEILLER and LENFANT, 1996). The expression of HLA-F by trophoblasts correlates with
protection of the fetus from destruction by the maternal immune system, an observation that also
applies to HLA-G and -E.
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Gobin and co-workers performed a study on non-classical HLA promoter regions and found

that HLA-F transcription can be induced by IFNy (GOBIN and VAN DEN ELSEN, 2000).

1.54HLA G

HLA-G gene

HLA-G sequence had 86% structure and sequence similarity with the consensus sequence of
classical HLA-class I genes. The main difference resides in the presence of a stop codon in exon 6
(Figure 3A), which generates a shorter HLA-G protein compared with classical HLA-class I
molecules (CAROSELLA et al., 2015).

This gene polymorphism is very limited, actually only 54 alleles are listed for HLA-G gene
encoding 18 proteins, and 2 of them are null alleles (HLA-ALLES
<http://hla.alleles.org/nomenclature/stats.html>).

Large populations studies revealed that the 5’-regulatory region presents a total of 68
haplotypes, 9 of which account for more than 93—-95% of all haplotypes found. Prom-1 and Prom-2
(31% and 30%, respectively) are the most represented haplotypes, and belong to the two main

lineages (CAROSELLA et al., 2015).
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FIGURE 3A - HLA-G GENE STRUCTURE AND TRANSCRIPTS.
In this thesis it is considered the IMGT notation.
SOURCE: (CASTELLI et al., 2014)

HLA-G protein

The external part of the structure of the HLA-G molecule consists of three parts: the a;, o
and o3 domains (encoded by exons 2—4) (figure 3A); a; and o, contribute to the peptide-binding
cleft.

The crystal structure of HLA-G has been determined in 2012 (HOWANGYIN et al., 2012).
Interestingly, the candidate binding-site for leukocyte Ig-like receptor 1 (LIR-1 or ILT2) and LIR-2
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(or ILT4) inhibitory receptors is on the a3 domain of HLA-G, and this domain is structurally
distinct from the o3 domain of classical MHC class I molecules. Nevertheless, HLA-G can bind
peptides (CLEMENTS et al., 2005).

The alternative splicing of the primary transcript of the gene leads to the production of
membrane-bound (mHLA-G) or soluble proteins (SHLA-G), but the HLA-G molecule can also be
found in the extracellular vesicle (CAROSELLA et al., 2015). HLA-G can be expressed in seven
different isoforms, including four membrane-bound (HLA-G1, G2, G3, G4) and three soluble
(HLA-GS, G6, G7) proteins, resulting from alternative splicing of the HLA-G primary transcript
(FIGURE 3B) (CAROSELLA et al., 2015; CLEMENTS et al., 2005).

0O ©0 O O ¢
HLA-G1 HLA-G2 HLA-G3 HLA-G4 HLA-G5 HLA-G6 HLA-G7
Membrane-bound isoforms soluble isoforms

FIGURE 3B - ALTERNATIVE SPLICING OF HLA-G PRIMARY TRANSCRIPT YIELDS 7 ISOFORMS. Excision
of one or two exons encoding globular domain generates truncated isoforms, and translation of intron 4 or intron 2 yield
secreted isoforms that lack the trans membrane domain.

SOURCE: (DONADI et al., 2011) .

The HLA-G1 isoform encoded by full-length mRNA associates with [,-microglobulin and
has a structure similar to that of classical HLA class I molecules. The HLA-G2 isoform, encoded by
a transcript lacking exon 3, was found to be present at the cell surface in association with [3,-
microglobulin. Alternatively, this protein might also be present as a truncated molecule not
associated with f3,-microglobulin. The HLA-G3 isoform, encoded by a transcript lacking exons 3
and 4, may have a protein structure with only one extracellular domain. The HLA-G4 isoform,
encoded by a transcript lacking exon 4, may be present at the cell surface as a two-extracellular
domain protein not associated with 3,-microglobulin. The presence of a stop codon in intron 4
deletes the transmembrane domain of the HLA-GS5 and -G6 molecule, resulting in the production of
soluble proteins that may have a structure similar to the extracellular domains of HLA-G1 and
HLA-G2, respectively (HOWANGYIN et al., 2012).

HLA-G molecules can be found as monomers or dimers. The dimers are created by two
unpaired cysteine residues (Cys42 and Cys147 in a; and o, domain respectively) that can form
intermolecular disulfide bonds (GONEN-GROSS et al, 2010). HLA-G dimers bind
immunoglobulin-like transcript (ILT) receptors with higher affinity and slower dissociation rates
than monomers (SHIROISHI et al., 2006). HLA-G heterodimers have not been described yet, but
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they may exist since all isoforms can dimerize and all of them interact through cysteine 42 of their
oy domain (HOWANGYIN et al., 2012).

HLA-G expression

HLA-G molecule can be “high” and “low” expressed, the HLA-G*01:04:0x alleles-group
had significantly increased sHLA-G levels, followed by the G*01:01:01:0x and the G*01:01:02:0x
groups which were very similar. In contrast, the G*01:01:03:0x group or the “null” allele
G*01:05N presented significantly reduced sHLA-G levels (CAROSELLA et al., 2015). The HLA-
G regulatory regions was investigated as well, in particular the HLA-G 3’-UTR, by examining the
association of 3’-UTR polymorphic sites with plasma or serum sHLA-G levels. It was found that
the UTR-1 was a high producer, while UTR-5 and UTR-7 were lower producers. UTR-2, UTR-3,
UTR-4, and UTR-6 have all been classified as medium producers (MARTELLI-PALOMINO et al.,
2013). Others studies specifically focused on the 14 bp indel in the HLA-G 3’-UTR and showed
associations with the 14 bp insertion and low levels of sHLA-G (MARTELLI-PALOMINO et al.,
2013).

Regarding the HLA-G expression at the level of tissues or cells, this molecule was initially
identified in cytotrophoblasts, where it acts to protect the fetus from rejection by the maternal
immune system (XIAO et al., 2013). The expression of HLA-G is restrictive although HLA-G
mRNA has been detected in many different tissues. In general, HLA-G protein expression has been
also observed on and by the trophoblast cells in the placenta, on and by certain immune cells (in
most cases monocytes), mesenchymal stem cells, erythroid and endothelial precursors cells, in the
thymus, cornea, bronchial epithelial cells and pancreas. However, HLA-G protein expression can
sometimes be observed in muscle fibers and in liver biliary and renal tubular epithelial cells and
HLA-G can be detected in serum/plasma from both women and men (CAROSELLA et al., 2015;
HVIID, 2006).

Under pathologic conditions, mHLA-G can be expressed in antigen-presenting cells with
activated cytokines, virus infected cells, and in inflammatory diseases. Some studies have reported
that the expression of sHLA-G in patients with leukemia was associated with an unfavorable
outcome, and that HLA-G" tumor cells provide a novel escape mechanism for tumors (HVIID,
2006).

In addition, it was observed that mHLA-G and sHLA-G can be expressed and secreted in the
peripheral blood of live kidney transplantation recipients. This result suggests that sHLA-G is the
main isoform of HLA-G in the peripheral blood of live kidney transplant recipients, and that it
might be directly involved in the acceptance of kidney transplants (HVIID, 2006).

HLA-G ligands
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HLA-G inhibits both natural killer (NK) and cytotoxic T lymphocyte (CTL)-mediated
cytolysis through binding to inhibitory receptors (HVIID, 2006). The HLA-G molecule can interact
with immunoglobulin-like transcript 2 (ILT2 or LILRBI), which is expressed by T and B-
lymphocytes, NK cells, monocytes/macrophages, and dendritic cells, and with ILT4 (LILRB2),
which is expressed only by myeloid cells (MORANDI et al., 2016). Both ILT2 and ILT4 contain
immunoreceptor tyrosine-based inhibitory receptor motifs (ITIMs) in their cytoplasmic tails that
inhibit cellular responses by recruiting phosphatases such as SHP-1 (Src-homology 2 domain-
containing tyrosine phosphatase 1) (CAROSELLA et al., 2015). In addition HLA-G can interact
with KIR2DL4 expressed by NK cells and CD160 expressed by T lymphocytes, NK cells, and
endothelial cells (MORANDI et al., 2016). KIR2DL4 is not a classical inhibitory receptor
(ADRIAN CABESTRE et al., 1999), authors reported its inhibitory function using cell lines while
others reported its activatory one (RAJAGOPALAN, 2010). In fact KIR2DL4, unlike all other
KIRs, has both activating and inhibitory signaling domains (MORADI et al., 2015).

The role of HLA-G in reducing graft rejection may be due to its direct interaction with ILT2
and ILT4. The functional consequences of this interactions include the inhibition of cytotoxic
activity of CD8" T cells and NK cells, CD4" T-cell alloproliferation, cell cycle progression of
alloreactive T cells, and APC maturation. Furthermore, HLA-G plays an indirect tolerogenic role by

inducing immunosuppressive DCs and T cells (REBMANN et al., 2009).

1.6.0 MIC

Bahram et al. first discovered MIC genes in 1994 as a second lineage of mammalian MHC I
genes (BAHRAM et al., 1994). The MIC molecules possess a low degree of homology to other
MHC class I encoded genes and interact with both T-cell and natural killer (NK)-cell receptors
(BAHRAM, 2000). Functional evidence has indicated that MIC molecules, unlike the structurally
related MHC class I and CD1 (cluster of differentiation 1), are not associated with peptide or other
ligands (STEINLE et al., 2001). The MIC gene family consists of seven members (MICA—MICG)
(Figure 4), five of which are pseudogenes, and two, MICA and MICB, which are functional
(COLLINS, 2004; ZWIRNER et al., 2006). MIC genes are highly conserved and are present in
humans, primates, dogs, goats, cows and pigs, but not in mice or rats (BAHRAM et al., 1994). This
absence suggested that H2-Q, -M, and -T loci in mice could be evolutionary counterparts of MIC
genes, compensating for the absence of MIC in the mouse genome (FODIL et al., 1996). A research
in 2001 described how the retinoic acid-early (RAE-1) molecule functions as ligand for natural
killer group 2 member D ligand (NKG2D), suggesting it could act as MICA’s counterpart in mice
(STEINLE et al., 2001).
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FIGURE 4 - REPRESENTATION OF MIC GENES.
The functional genes are represented in green, the pseudogenes in orange.
SOURCE: (RISTI and BICALHO, 2017)

These two functional genes (MICA e MICB) in humans share 84% sequence identity
(STEINLE et al., 2001) and are polymorphic. In January of 2017 the number of MICA alleles
reached 106 while MICB has been reported as having 42 alleles (HLA-ALLELES
<http://hla.alleles.org/nomenclature/stats.html>).

Some individuals, with HLA-B*48-containing haplotypes, have shown evidence of gene
deletion in the MICA e MICB regions (MICA e MICB null); this demonstrates that this mutation is
not lethal (KOMATSU-WAKUI et al., 1999).

The MIC genes are transcribed in keratinocytes, endothelial cells, monocytes, fibroblasts,
epithelial cell lines and epithelial tissues (BAHRAM, 2000; ZWIRNER et al., 1998). Besides, the
MIC protein is only expressed on the cell surface of freshly isolated endothelial cells, fibroblasts
(ZWIRNER et al., 1999) and gastric epithelium (GROH et al., 1996), and the gene is not usually
transcribed in CD4" T cells, CD8" T cells and CD19" cells (ZWIRNER et al., 1999).

The MIC protein acts as a ligand for natural killer cells, y5 T cells and ap CD8" T cells,
which express NKG2D (natural killer group 2 member D ligand) (BAUER et al., 1999).

In terms of evolution of MICA and MICB genes, it is known that MICA diverged into two
lineages called LI and LII, and gene duplication of MICA LII evolved into MICB genes. As noted
by Luo et al. (LUO et al., 2014), polymorphism of MICA promoters is likely to have occurred by
point mutations and probably existed before allelic divergence in the coding regions as different
alleles can have the same promoter. By contrast, MICB promoter and coding diversification may

have occurred at the same time (COX et al., 2014; LUO et al., 2014).

1.6.1 MICA GENE AND ALTERNATIVE SPLICING

The MICA gene, located 46.4 kilobases centromeric to HLA—B on the short (p) arm of
chromosome 6 at position 21.33, has a molecular structure similar to HLA class I genes (BAHRAM
etal., 1994).

MICA has six exons separated by five introns (FIGURE 5): exon 1 encodes one leader

peptide, exons 2 to 4 encode three extracellular globular domains, exon 5 encodes one
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transmembrane domain and exon 6 encodes a cytoplasmic tail (CHOY and PHIPPS, 2010;
ZWIRNER et al., 2006). The first exon is followed by an intron of 6840 bp, which is unusually
large for a class I gene. The remainder of the MICA gene shows an organization quite similar to that
of conventional class I genes, except for the presence of a relatively long intron following the

transmembrane exon and the fusion of the cytoplasmic tail and 3 untranslated sequences on exon

six (BAHRAM et al., 1996).
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FIGURE 5 - REPRESENTATION OF MICA GENE SHOWING ITS 6 EXONS AND 5 INTRONS.
SOURCE: (RISTI and BICALHO, 2017)

MICA is regulated by a promoter including putative heat shock elements similar to those of
HSP 70 genes, suggesting that the transcription of MICA is induced under stress conditions and
thereby the MICA protein functions as an indicator of cell stress (GROH et al., 1996;
KATSUYAMA et al., 1999). The first intron of the MICA gene contains an NFkB-binding site that
binds p65 (RelA)/p50 heterodimers and p50/p50 homodimers of the NFkB transcription factor
family. The role of the proximal —130-bp NFkB site was reported as necessary and sufficient for
transcriptional transactivation of MICA in the response to TNFa in primary ECs (CHAUVEAU et
al., 2014).

MICA, along with MICB, has been shown to differ in the transcriptional control regions
from conventional HLA class I genes, as MICA/B genes lack the prototypic MHC class 1 gene
regulatory elements composed of the SXY module (LUO et al., 2014).

The MICA 5’ promoter regions have 12 known possible haplotypes (P1-P12), including a
null haplotype (MICA-P12) due to a deletion of the entire MICA gene (COX et al., 2014; LUO et
al., 2014). All of the 12 variable sites were in linkage disequilibrium (LD), forming two basic
haplotypes represented by Promoter-7 (P7) and Promoter-10 (P10), respectively. P7 appeared to be
an ancestral haplotype, Promoter-4 (P4) may have probably arisen from P7 through a cytosine

substitution at position 309, while Promoter-9 (P9) appears to be derived from P7 through a single
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mutation from cytosine to guanine at position 80; Promoter-10 (P10), the other basic haplotype in
MICA 5’ promoter, was characterized by a unique insertion of al4 bp sequence at position 41
(LUO et al., 2014). Another study with the IHW (International Histocompatibility Workshop) cells
line showed that the most frequent MICA promoter haplotype is MICA-P7. Some MICA alleles
were found to be always associated with MICA-P7, such as MICA*001, *009:01 and *010:01.
However, other MICA alleles had a more heterogeneous promoter and allele combination. For
example, MICA*002:01 was found to have MICA-P3, P4 or P7 promoters, MICA*008:01/04 could
have MICA-P1, P6 or P7 promoters and MICA*007:01 had either MICA-P7 or P11 promoter
sequences (COX et al., 2014).

A nucleotide substitution of consensus C to G was found within the activator protein 1 (AP-
1) transcription factor-binding sites (TFBSs) of MICA promoter P5, which was only found in
combination with allele MICA*012:0] in the Cox et al. study with IHW (International
Histocompatibility Workshop) cells and in Chinese Han subjects (COX et al., 2014; LUO et al.,
2014).

Furthermore, the MICA gene presents an alternative splicing that leads to the formation of
four mRNA isoforms. Two of them are described by Zou et al. (MICA isoform 1 and 2) and they
did not appear to be tissue specific (ZOU and STASTNY, 2002), the others two are only described
on NCBI site (NCBI <https://www.ncbi.nlm.nih.gov>).

1.6.2 MICA polymorphism

Polymorphisms of the MICA gene in the exons’ region lead to the formation of 106 alleles
(HLA-ALLELES <http://hla.alleles.org>), while a variable number of GCT repetitions in the MICA
exon 5 constitute five different alleles (MICA-A4, A5, A5.1, A6, and A9) (MIZUKI et al., 1997),
and lastly MICA Val/Met dimorphism (rs1051792) at nucleotide 454 (G/A) leads to an amino acid
substitution from valine (Val) to methionine (Met) at position 129 in the a, domain of the MICA
protein (ISERNHAGEN et al., 2015; ISERNHAGEN et al., 2016).

MICA polymorphisms in the exons’ region:

MICA polymorphism has limited variation across specific racial groups. A single group of
three alleles (MICA*008, MICA*002 and MICA*004), for example, accounts for more that 50% of
the allele frequencies commonly found in several Caucasoid populations (MARIN et al., 2004;
MURO et al., 2012). MICA*008, is the most frequent allele in Caucasian, Brazilians, Japanese,
Korean, Turkish, Thai, Moroccan, African-American, Chinese Han, Chinese Mongolian and

Chinese Tujia populations, whereas MICA*002 is the most frequent allele in several Amerindian
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populations (South Americans Indians) (; KOMATSU-WAKUI et al., 1999; MARIN et al., 2004;
MURO et al., 2012; WANG et al., 2016).

The following paragraph will describe in details the most frequent MICA alleles for each
population.

In a Japanese population study by Katsuyama et al., the most frequent allele was MICA*008

with the gene frequency of 30.8%. MICA*009 was the second most frequent (16.5%), while the
rarest one was MICA*007 (1.2%). MICA alleles displayed strong LD with HLA-B antigens,
MICA*008 with HLA-B*07, HLA-B*48, HLA-B*60 and HLA-B*61; MICA*009 with HLA-B*51
and HLA-B*52; MICA*002 with HLA-B*35, HLA-B*39, HLA-B*58 and HLA-B*67; MICA*004
with HLA-B*44; MICA*007 with HLA-B*13 and B*27; MICA*010 with HLA-B*46, HLA-B*62
and HLA-B*48; MICA*012 with HLA-B*54, HLA-B*55, HLA-B*56 and HLA-B*59; MICA*019
and HLA-B*70, HLA-B*71 and HLA-B*62. Tight linkage between MICA alleles in extracellular
exons and GCT repeat polymorphisms in the TM exon was observed: MICA*002/A44,
MICA*004/46, MICA*007/44, MICA*008/45 or AS5.1, MICA*010/45, MICA*011/46,
MICA*018/A4. Among 8§ serologically HLA-B*48 homozygous individuals, four were found to
represent this MICA null allele as assessed by no polymerase chain reaction (PCR) amplification
using MICA-specific primers, while the remaining four possessed the intact MICA gene with
MICA*008 or MICA*010 (KATSUYAMA et al., 1999). In another study on the Japanese
population a 100-kb deletion including the MICA gene was found. This deletion (MICA null allele)
has been reported to be associated with HLA-B*48:01. Interestingly, this MICA deletion is
accompanied by a MICB null allele, MICB*009N (; KOMATSU-WAKUI et al., 1999).

In the Korean population study by Pyo et al. the common alleles were MICA*008 (24.4%),
MICA*010 (18.3%), and MICA*002 (17.8%). In contrast, the MICA*007 (3.3%) was relatively

infrequent. In the GCT repeat polymorphism, the 45 allele was the most common in the Korean
population, followed by the A6 allele. In Koreans, as with the Japanese, the MICA*008
(MICA*008:01 and MICA*027) allele was primarily associated with HLA-B*60, B*61, and B*7
alleles. In Korean population it has also been identified the association between MICA*008
(MICA*008:01) and HLA-B*13 (PYO et al., 2003). These frequencies are confirmed by subsequent
Baek et al study with specific primer extension (ASPE) on microarrays (BAEK et al., 2013).

The Chinese population studied by Zhu is the Han population (ZHU et al., 2009), the one

studied by Wang is the Mongolian population (WANG et al., 2016) and the one studied by Wang is
the Tujia population (WANG et al., 2016; WANG et al., 2016). In the Chinese Han sample fourteen
MICA alleles were found in the population, with MICA*008:01/04 having the highest frequency of
27.0%, but its frequency was lower than that in the Caucasian population. MICA*002 and
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MICA*010 were also found in the Zhejiang Han population, which showed higher frequency than
that in the Caucasian population, and the MICA*049 allele (3.5%) was first identified in the
Zhejiang Han population (ZHU et al., 2009). In the Chinese Mongolian population MICA*008:01
(21.2%), MICB*005:02 (48.1%) and HLA-B*51:01 (7.91%) were the most common alleles. MICA-
129 Val e MICA-129 Met percentage was 65,82% and 28,48%, respectively (WANG et al., 2016).
In the Chinese Tujia population, MICA*008:04 (29.41%), MICA*A5 (29.68%), MICA A5.1
(29.68%) and MICB*005:02 (39.57%) were the most frequent ones (WANG et al., 2016; WANG et
al., 2016). In this last population MICB*005:02-MICA*019 (13.10%) and MICB*002-
MICA*008:04 (9.89%) were found to be the most common two-locus haplotypes (WANG et al.,
2016; WANG et al., 2016) and in the Chinese Han the frequency distribution of the MICA-STR
allele in the Zhejiang Han population was similar to that in the Japanese and Korean and the other
Han population, but it was different from the one in the Caucasian population (ZHU et al., 2009). In
the Mongolian population, the most frequent haplotypes were HLA-B*51:01-MICA*009:01
(7.28%), HLA-B*58:01-MICB*008 (6.96%), MICA*010-MICB*005:02 (13.92%) and HLA-
B*58:01-MICA*002:01-MICB*008 (6.96%). HLA-B-MICA haplotypes such as HLA-B*50:01-
MICA*009:02 were associated with a single MICB allele. Some HLA-B-MICA haplotypes were
associated with multiple MICB alleles, including HLA-B*51:01-MICA*009:01. Finally, it was
confirmed in this population the existence of a recently recognized MICA allele, MICA*073, whose
ethnic origin had not been previously described (WANG et al., 2016).

In the Northeastern Thai population, MICA*008, *010, *002 and *019 were highly
predominant with allele frequencies of 21.4%, 18.2%, 17.6% and 15.3%, respectively. MICA*010
and *019 are different from MICA*008 by double- and single-nucleotide substitutions. This could

mean they were originally MICA*008, and then they it split in to two new alleles that remained in
Thai population. Interestingly, MICA*052, which is identical to MICA*007 except for a single-
nucleotide substitution at nucleotide position 751 (G to C), was detected only in this population, but
not in the Japanese or Caucasian population, while MICA*007 was not present in the Thai
population (ROMPHRUK et al., 2001).

In the North American Caucasian population, MICA*008 accounted for 291 of the 550

alleles (53%) and hence was the single most common allele in this study’s population. The overall
frequency of MICA*002 was 13%, followed by MICA*004 (7%) and MICA*010 (5%). MICA*008
was found in strong LD with four different HLA-B alleles: B*08:01, B*07:02, B*44:02, and
B*40:01. MICA*004 and *010 were significantly associated with HLA-B*44:03. Hence, for at least
one HLA-B antigen, HLA-B*44, association with MICA appeared to segregate with different HLA-
B alleles (PETERSDOREF et al., 1999).
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In the study on the European-Americans and African-Americans population, MICA*002:01,

*004, and *008:01 were the three most common alleles and the only ones with frequency greater
than 10%. Among European-Americans, MICA*008:01 had the highest allele frequency (43.05%),
followed by MICA*002:01 (14.1%). Instead, looking at the African-Americans, MICA*002:01,
*004, and *008:01, account for 25.37%, 19.09%, and 26.61% of the gene frequency, respectively.
The two dominant MICA alleles *002:01 and *008:01 are both associated with several HLA-B
alleles. MICA*002:01 is associated with HLA-B*35, B*53 and B*58 related subtypes while
MICA*008:01 is associated with HLA-B*07, B*08, B*13, B*37, B*40 and B*44:02 alleles. Both
populations share most LD relationships between MICA and HLA-B, only a smaller proportion of
the haplotypes is apparently population specific. HLA-B*51:01 and B*52:01, for example, are
associated with MICA*004 in African-Americans, while with MICA*009:01 (an allele closely
related to MICA*004) and, to a lesser frequency, with MICA*010 in European-Americans. In this
populations study six individuals who have one copy of HLA-B*48:01 have been included. Gao et
al.’s study, with the typing methods used, has shown that HLA-B*48:01 is associated with the
MICA null allele (GAO et al., 2006).

Two more studies on African-American populations point out similar frequencies of the

most common MICA alleles: MICA*008, MICA*004, and MICA*002. Tian et al.’s data showed

gene frequencies of 28.2%, 26.4%, and 25.5%, respectively, while Zhang et al. showed gene
frequencies of 26.9%, 18.7% and 27.8% respectively (TIAN et al., 2001; ZHANG et al., 2003).

In Tian et al’s study, HLA-B*35:01, HLA-B*42:01 and HLA-B*08:01 are exclusively
linked to MICA*002, MICA*004 and MICA*008, respectively. HLA-B*07:02 is associated with
MICA*008; B*44:03 with MICA*004 (this-allelic associations have been previously reported in
Caucasians too); HLA-B*57:03 with both MICA*004 and MICA*008; HLA-B*49:01 occurred with
both MICA*002 and MICA*004; HLA-B*52:01 with MICA*009 and MICA*004; HLA-B*53:01 is
associated with MICA*002 and MICA*018; HLA-B*15:03 with MICA*008 and MICA*019; HLA-
B*18:01 with MICA*001 and MICA*018 (TIAN et al., 2001). In Zhang et al.’s study MICA*002:01
has associations with HLA-B*35, B*53, B*58, and B*42, and MICA*004 with HLA-B*42, B*49,
B*51, B*52, and B*07 (ZHANG et al., 2003). These MICA-HLA-B associations suggest that HLA-
B-MICA combinations on certain haplotypes in African-Americans are more complex than in other
populations. Additionally in the Tian et al study HLA-A*30:01-MICA*004 and MICA*004-HLA-
DRBI1*03:02 were found to be in LD, and the LD between HLA-A*01:01 and MICA*008 was
found to be secondary to the strong association between HLA-A*01:01 and HLA-B*08:01 (TIAN et
al., 2001).
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In the Moroccan population, MICA allele frequencies were assessed in 82 unrelated healthy

individuals from a Moroccan Berber population named Metalsa. MICA*008:01 was the most
frequently allele detected, followed by MICA*004 and MICA*009:02. MICA*009:02 is associated
with B*50:02-C*06:02, also found associated to DRBI*04:06 in this population, where this
haplotype was one of the most common. MICA*004 was mainly associated to B*44:03:01-
C*04:01:01 or C*02:02, whereas MICA*008:01 was associated with B*44:02-C*05:01 or
B*08:01-C*07:01 (PIANCATELLI et al., 2005).

152 subjects in the Tian et al. study have been analyzed, from the Yoruba (n=74), Efik

(n=32), and Igbo (n=46) tribes of southern Nigeria, 39 nationwide African-American stem cell

donors, and 60 African-American individuals residing in the metropolitan Boston area.
MICA*002:01, *004, and *008:01 were commonly observed in all groups (sub-Saharan African
ancestry), with combined gene frequencies ranging from 71.6 to 80.4%. In three groups (Boston
African-American, Yoruba, and Igbo) the most common haplotype was HLA-B*53:01-
MICA*002:01 whereas n the nationwide African-American and Efik populations, the most frequent
haplotype was HLA-B*42:01— MICA*004 and HLA-B*15:03—-MICA*008:01, respectively. Pairwise
comparisons revealed that overall HLA-B—-MICA haplotype frequencies in the Efik and Igbo tribes
were significantly different from each other and from both African-American groups (TIAN et al.,
2003).

In the South American Indians population’s study by Zhang et al. three tribes were

analyzed, Toba, Wichi and Terena, while Oliveira ef al. studied three Guarani groups (Guarani
Nandeva, Guarani Kaiow4, Guarani M’by4) and two Kaingang populations (Rio das Cobras, Ivai).
In all of these populations, with the exception of the Kaingang, the MICA locus is dominated by
three alleles: MICA*002:01, MICA*027 (external domain sequence like MICA*008/TM allele A35)
and MICA*010 (OLIVEIRA et al., 2008; ZHANG et al., 2002). For the Kaingang populations, the
highest frequencies were observed for MICA*002:01, MICA*010 and MICA*020, representing
84% of the alleles (OLIVEIRA et al., 2008). Zhang et al.’s data showed that MICA*002:01 was the
most frequent allele, with a gene frequency of about 35% in Toba, 48% in Wichi and 45% in
Terena (ZHANG et al., 2002). Oliveira et al.’s study showed that MICA*002:01 was the most
common allele with a frequency of 38% and 64%, respectively in the Guarani Nandeva and Kaiow4
populations, whereas for Guarani M’bya it was MICA*027 with 40%. In the Kaingang populations
MICA*002:01 was the most frequent in both Rio das Cobras (44%) and Ivai (36%). Interestingly,
MICA*020, which differs from MICA*002:01 only by the transmembrane STR, was almost twice
more common in Ivai (21%) than in Rio das Cobras (12%), compensating the frequency difference

of allele MICA*002:01 (OLIVEIRA et al., 2008). These frequencies are very different than North
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American Caucasians. For the Toba, Wichi and Terena populations most of the HLA-B-MICA
relationships were absolute except for MICA*008, which was associated with two TM genotypes:
AS5.1 in MICA*008:01 and A5 in MICA*027. MICA*002:01 allele was accompanied by 49, which
was also associated with MICA*011, MICA*017 and MICA*047. Similarly, MICA*004 was
combined with 46 and the latter was also seen with MICA*009:01 and MICA*009:02. MICA TM
A4 was seen together with MICA*001, MICA*007:01, MICA*012:01 and MICA*018. A5 was found
in MICA*010, MICA*016 and MICA*019, in addition to MICA*027 (ZHANG et al., 2002). In the
Guarani and Kaingang the STR-MICA alleles 45 and 49 occurred at high frequencies (>20%) in all
five Amerindian populations (OLIVEIRA et al., 2008). In the Toba, several MICA alleles have
associations with different HLA-B alleles: MICA*002:01 has associations with B*35:05 and
B*39:03; MICA*027 (*008/A5) with B*40:02 and B*48:03; and MICA*010 with B*15:07 and
B*52:01. In the Wichi tribe, MICA*027 is associated with both B*40:02 and B*40:35 and
MICA*10 has association with different B*/5 group alleles: B*/5:08 and B*15:20. And finally
MICA*027 (MICA*008/TM A5), which has the same sequence as MICA*008:01 except for the TM
region, has a strong association with B*40:02 in the Wichi, and with B*40:02 and B*48:03 in the
Toba. Interestingly, in Toba, Wichi and Terena, some MICA alleles have associations with different
HLA-B group alleles. For example, MICA*010 is significantly associated with B*/5:07 in the Toba,
but with B*15:08 and B*15:20 in the Wichi (ZHANG et al., 2002). In the Guarani and Kaingang
populations 45 is associated with HLA-B*40 and A9 with HLA-B*39. HLA-B*51:04, occurred
exclusively with 45 and probably with MICA*010 and HLA-C*15:02:01. Conversely, MICA*010
and MICA*002:01 appeared with more than one HLA-B allele. In these population the deletion of
the MICA gene was found in the same haplotype as HLA-B*48 in all populations (OLIVEIRA et al.,
2008).

The subjects of the Brazilian population studies by Marin ef al. and Ribas ef al., were the
Brazilian population of Sao Paulo city and the State of Parand, respectively (MARIN et al., 2004)
(RIBAS et al., 2008). In the Sao Paulo population, as in most of the other populations, MICA*008,
MICA*002 and MICA*004 were found to be the most frequent alleles (MARIN et al., 2004), while
in the state of Parand’s population, alleles MICA*008:01, MICA*002:01 and MICA*009:01 were
the most common and accounted for more than 55% of the total allelic frequency (RIBAS et al.,
2008). In the Marin et al. study MICA*008 was found to be in association with HLA-B*8, HLA-
B*13, HLA-B*37, HLA-B*60 and HLA-B*72. Nevertheless, due to the low frequency of studied
alleles, these values were not significant, but they observed a new haplotype: MICA*008-HLA-
B*37. Both MICA*006 and MICA*009 have been described as being in linkage disequilibrium with
HLA-B*51 (MARIN et al., 2004). Even in the Ribas et al. study MICA*009:01-B*51:01 are
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associated and this haplotype shows the highest frequency in this population, followed by
MICA*002:01-B*35 and MICA*008:01-B*07. In this study, MICA*008:01 is associated with HLA-
B*07, B*08, B*44, B*15, B*13, B*40 (from the most frequent to least frequent respectively).
MICA*002:01 is associated with HLA-B*35, B*39, B*38, B*58, while MICA*009:01 is associated
with HLA-B*51, B*35 and B*50 (RIBAS et al., 2008).

In conclusion, it’s noteworthy that very few HLA-B alleles showed multiple associations
with MICA, including some of the most common B alleles, after removing the low-frequency
haplotypes from consideration. The differences in these populations of LD patterns of MICA and
HLA-B alleles might suggest that haplotype diversity may be a selective pressure response to the
parasite and pathogens endemic to a specific area.

In fact, pathogen-driven selection of HLA alleles, especially those of HLA-B locus, has been
suggested in previous studies (ARNAIZ-VILLENA et al., 1996; BAEK et al., 2013; DE VRIES et
al., 1979). Such factors may also have played a role in diversifying MICA (BAUER et al., 1999;
ZHU et al., 2009).

GCT repetitions:

The MICA exon 5 holds short tandem repeats (STR) (MIZUKI et al., 1997). These STRs
showed a variable number of trinucleotide GCT repeats that encode 4, 5, 6, 7, 9 or 10 Alanine (A,
Ala). These microsatellite alleles were designated as 44, 45, A6, A7, A8, A9 and A10. There is also
an A5.1 allele that contains five triplet repeats of GTC plus an additional guanine nucleotide
insertion (GGCT) (FIGURE 6). This insertion leads to a frameshift and results in a stop codon and a
premature termination. The A4, A5, A6, A7, A8, A9, A10 and A5.1 sizes are, respectively, 179 bp,
182 bp, 185 bp, 194 bp, and 183 bp (GAMBELUNGHE et al., 2007; MIZUKI et al., 1997; PYO et
al., 2003).

The A5.1 variant affects MICA subcellular localization, membrane anchorage, surface
expression and the release of soluble MICA (sMICA) molecules (ASHIRU et al., 2013; SUEMIZU
et al., 2002; TONNERRE et al., 2016). This MICA A5.1 genetic variant is associated with 11
alleles: MICA*008, *023, *028, *053, *058, *070, *073, *080, *082, *085, *087 (hla.alleles.org).

Suemizu et al. demonstrated, in polarized epithelial cells, that the full-length MICA protein
is sorted to the basolateral membrane, while the AS.1 allele is aberrantly transported to the apical
surface. They also performed a site-directed mutagenesis that identified that the cytoplasmic tail-
encoded leucine-valine dihydrophobic tandem is a basolateral sorting signal. Therefore, the authors
affirmed that the physiological location of MICA in the epithelial cells can be controlled by its

cytoplasmic tail. This situation implies an impairment for the A5.1 homozygous individuals that
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may compromise the immunological surveillance exerted by NK and T lymphocytes on epithelial
malignancies (SUEMIZU et al., 2002).

Tonnerre et al. in 2013 made another important finding on the role of MICA A5.1. The
authors demonstrated that a mismatch between donor and recipient for the MICA A5.1 mutation
could be a risk factor for long-term transplant survival; due to enhanced anti-MICA sensitization of

kidney transplant recipients (TONNERRE et al., 2013).

MICAWT MICAAS.1
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FIGURE 6 - A SCHEMATIC REPRESENTATION OF EXONS AND PROTEIN DOMAIN DISTRIBUTION
FOR FULL-LENGTH MICA WILD TYPE (WT) AND THE MICA A5.1 MUTANT.
SOURCE: (TONNERRE et al., 2016).

MICA-129Val/Met dimorphism

An amino acid substitution from valine (Val) to methionine (Met) at position 129 in the ay
MICA domain has been reported to affect the binding avidity of a MICA receptor: NKG2D. This
substitution is in the position 454 (G/A) of the MICA gene (rs1051792) and divides MICA alleles
into two groups (BOUKOUACI et al., 2009; ISERNHAGEN et al., 2015; LOPEZ-HERNANDEZ
etal., 2010; STEINLE et al., 2001; ZHAO et al., 2011).

The MICA-129Val/Met—-NKG2D high/low affinity has not been completely understood yet.

An experiment conducted by Steinle et al. in 2001, constructed four hybrid sequences,
mutually exchanging three segments of MICA*04 and MICA*07 cDNAs. In this study Steinle et al.
demonstrated that the reduced binding affinity of NKG2D for MICA*04 (met) versus MICA*01
(val) was not due to post-translational modifications but instead it could be attributed to amino acid
differences between these variants. Soluble forms of NKG2D (sNKG2D) showed that substitution
of valine 129 by methionine conferred high NKG2D binding affinity to MICA*04. Conversely,
substitution of methionine 129 with valine drastically reduced binding of NKG2D to MICA*07.
The side chain of methionine 129 is partially buried and forms hydrophobic interactions with

glutamine 136, alanine 139, and methionine 140, its replacement by valine likely affects NKG2D
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binding indirectly by a conformational change. This indicates that the 129 position may affect the
NKG2D binding indirectly, perhaps by association with a conformational change (STEINLE et al.,
2001). However a study performed by Isernhagen et al. in 2016 showed that NKG2D-MICA
affinity changes with the membrane MICA (mMICA) expression intensity (ISERNHAGEN et al.,
2016). In fact, a lower mMICA-129Met expression triggers more NKG2D signals compared with -
129Val. Meanwhile, a higher expression of mMICA-129Val evokes more NKG2D signals
compared to the MICA-129 Met variant, which in this case downregulates NKG2D, leading to
impaired functions (FIGURE 7) ISERNHAGEN et al., 2015; ISERNHAGEN et al., 2016).

MICA-129Val MICA-129Met
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FIGURE 7 - SUMMARY OF FUNCTIONAL EFFECTS OF MICA-129 VARIANTS
DEPENDING ON EXPRESSION INTENSITY.
SOURCE: (ISERNHAGEN et al., 2016).

When MICA-129Met binds NKG2D with higher avidity in respect to the other isoform, this
bond triggers more NK cell cytotoxicity and interferon-y release. On CD8" T cells the MICA-
129Met mediated a rapid co-stimulation and activation of these cells in combination with a limited
CD3 mediated signals, but also a rapid downregulation of NKG2D, whereas those with a valine
bound NKG2D with low avidity ISERNHAGEN et al., 2015; ISERNHAGEN et al., 2016).

The allele frequency for MICA-129Val/Met is 0,21 (Met) and 0,79 (Val) for the European
population; 0,3 (Met) and 0,7 (Val) for the Han population; 0,24 (Met) and 0,76 (Val) for the
Japanese population; 0,5 (Met) and 0,5 (Val) for the Yoruba population (1000 GENOMES
<http://www.internationalgenome.org>).

In the Gao et al. study, the frequencies of MICA-129Met versus -129Val NKG2D binders
were analyzed in two populations, European-Americans and African-Americans, and the results
were 32/60% and 44/56% respectively. European-Americans showed a lower ratio of strong to
weak NKG2D binding alleles than African-Americans resulting from their extremely high
frequency of the valine 129 (weak binding) allele MICA*008:01 (43%) (GAO et al., 2006). Another
study by Zhang et al. genotyped the North American population: 692 Caucasians and 32 African-
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Americans. The percentage of MICA-129 Met/Met was 30% for the African-Americans and 12%
for the Caucasian, the percentage of MICA-129Val/Met was 43% for the African Americans and
40% for the Caucasian, and the percentage of MICA-129 Val/Val was 27% for the African-
Americans and 48% for the Caucasian (p value < 0.0001). This study confirmed the Gao et al. study
because they related a significant difference of MICA129 genotype distribution between Caucasian
and African-Americans, despite the low number of individuals of this last population. Compared to
Caucasians, African-Americans had higher incidence of -129Met/Met, similar percentage of -
129Met/Val and lower incidence of -129Val/Val. Interestingly the MICA-129Met allele was more
frequently distributed among the MICA and HLA-B haplotype shared in both populations (ZHANG
etal., 2013).

The rs1051792 SNP (MICA-129Val/Met) has also been associated with the risks for
nasopharyngeal carcinoma, hepatitis B virus-induced hepatocellular carcinoma, ulcerative colitis,
the severity of chronic Chagas heart disease, and autoimmune diseases, including ankylosing
spondylitis, rheumatoid arthritis, inflammatory bowel disease, lupus erythematosus, type I diabetes,
and psoriatic disease (ISERNHAGEN et al., 2015; TONG et al., 2013; ZHAO et al., 2011).

In 2015, it has been observed that MICA-129Met alelles increased the risk of experiencing
acute graft-versus-host disease (aGVHD). This effect could be the consequence on NKG2D
signaling by the MICA-129Met variant (ISERNHAGEN et al., 2015). Another recent study of
Isernhagen et al. showed that the expression of plasma membrane MICA (pmMICA) was higher in
a panel of 16 tumor cell lines (P = 0.0699) and 13 melanoma cell lines (P = 0.0429) carrying the
MICA-129Val/Val genotype, whereas MICA-129Val homozygous melanoma cell lines released
more soluble MICA (sMICA) by shedding (P = 0.0015) (ISERNHAGEN et al., 2016). It’s
interesting to note that the MICA-129 variant not only reflects the strength of bond with NKG2D
but also the expression of SMICA. The researchers transfected a MICA-negative melanoma cell line
(Malme) with expression constructs for MICA, which differed only at position 129, and obtained
cell clones expressing both MICA variants at similar intensities. Thanks to this experiment the
researchers noticed a higher rate of intracellularly retained MICA-129Met variants. If expressed at
the cell surface, the MICA-129Met isoform was more susceptible to shedding. Both processes
appear to limit the cell surface expression of MICA-129Met variants that have a high binding
avidity to NKG2D (ISERNHAGEN et al., 2016).

In addition to this, MICA-129 dimorphism has shown signs suggesting that it may directly
affect plasma membrane expression and shedding, and these functional effects might contribute to
the numerous disease associations which have been reported for this polymorphism

(ISERNHAGEN et al., 2016).
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1.7.0 MICA POLYPEPTIDE

MICA encodes for a polypeptide (FIGURE 8) of 383 amino acids that is expressed on the
surface of different cells and resembles the domain organization of the a chain of MHC class I
molecules (ZWIRNER et al., 1998). The structure of the MICA molecule is inherently flexible,
particularly in the area linking the o; domain to the o, and a, platform, which raised the possibility
that the MICA molecule might reconfigure when interacting with its receptor (LI et al., 1999).
MICA is a highly glycosylate membrane-anchored cell surface protein (GROH et al., 1996).
Interestingly, complexes with unglycosylated MICA appeared to be less stable than those
incorporating glycosylated MICA (STEINLE et al., 2001).

MICA has an immunoglobulin (Ig) domain similar to the a;/a, and the oi/0z/03 domains,
respectively, of MHC class I proteins (LI et al., 2001). The initially hypothesized role of MICA in
peptide binding and antigen presentation based on domain similarity was dismissed because, unlike
the classical class I molecules, MICA does not bind ,-microglobulin (,-m) and is independent of
any transporter-associated protein (TAP). In addition, attempts to identify peptides bound to MICA
have been unsuccessful (CHOY and PHIPPS, 2010; GROH et al., 1996). In the crystal structure of
MICA, the platform consisted of four distinct a helices arranged in an eight-stranded anti-parallel 3
sheet. These helices in MICA corresponded roughly to the two helices that define the peptide-
binding groove in peptide-binding MHC class I proteins and homologs (LI et al., 2001). Even if
there are many similarities between the structures of MICA and classical class I molecules, MICA
is evidently not a peptide/antigen-presenting molecule (CHOY and PHIPPS, 2010)