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• Molécules protéiques exprimées à la surface des cellules 

• Rôle principal : présentation antigénique

• 3 classes différentes: CMH-I/CMH-II/CMH non classiques

• Expression différente selon le type de tissu

• Chez les humains,  
CMH=HLA:Human Leucocyte Antigen
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Caractéristiques des CMH
• Les molécules de CMH sont :  

polygéniques & polymorphiques
 Polygénie

Chaque individu exprime au moins 
03 molécules CMH-I

03 molécules CMH-II

 Polymorphisme

Existence de plusieurs variants pour le meme gène 
Exemple: HLA-A1/HLA-A2/HLA-A3-HLA-A24….. 
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Caractéristiques des CMH
• Les gènes codant les molécules  CMH sont : co-dominants & transmis en bloc

Heterozygotie: expression de 6 molécules de CMH-I & 8 molécules de CHM-II
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Organisation génomique  des gènes du CMH
6p21 4x10E6 pb  à 7x10E6pb
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CMH-I

HLA-A: HLA-A1/HLA-A2/HLA-A3/HLA-A11/HLA-A24……

HLA-B: HLA-B7/HLA-B8/HLA-B15/HLA-B44/HLA-B52……

HLA-C: HLA-C1/HLA-C2/HLA-Cw3/HLA-Cw4/HLA-C6……

Chromosome 15
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Sillon de liaison au peptide Taille des peptides :8 à 10aa

Peptides d’ancrages

CMH-I : nature des peptides & motifs d’ancrage 
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CMH-I : nature des peptides & motifs d’ancrage 
Interaction CMH-Peptide Stabilisation de la molécules de CMH

Sites d’interactions entre le CMH et le peptides: 
la force d’interaction est dépendante de la nature des acides 
aminés aux sites d’interaction
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 
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CMH-I : Processus de la présentation antigénique 
La Présentation antigénique

Complexe CMH-I/TCR
Lymphocytes T CD8

La dynamique de synthèse et de dégradation

 Chapitre II : Immunologie Moléculaire : lymphocytes T

La Présentation antigénique

Complexe CMH-I/TCR
Lymphocytes T CD8

La dynamique de synthèse et de dégradation

 Chapitre II : Immunologie Moléculaire : lymphocytes T

•DRiP : Defective Ribosomal Products,∼30% 

•TRiC : TCP-1 Ring Complex, protéine chaperonne, protection de 

la dégradation complète 

•ERAAP : Endoplasmic Reticulum Aminopeptidase associated with 

Antigen Processing, réarrangement de la taille des peptides par 

clivage de la partie aminoterminale, régulée par INFɣ

La Présentation antigénique
 Chapitre II : Immunologie Moléculaire : lymphocytes T

•DRiP : Defective Ribosomal Products,∼30% 

•TRiC : TCP-1 Ring Complex, protéine chaperonne, protection de 

la dégradation complète 

•ERAAP : Endoplasmic Reticulum Aminopeptidase associated with 

Antigen Processing, réarrangement de la taille des peptides par 

clivage de la partie aminoterminale, régulée par INFɣ

La Présentation antigénique
 Chapitre II : Immunologie Moléculaire : lymphocytes T

•DRiP : Defective Ribosomal Products,∼30% 

•TRiC : TCP-1 Ring Complex, protéine chaperonne, protection de 

la dégradation complète 

•ERAAP : Endoplasmic Reticulum Aminopeptidase associated with 

Antigen Processing, réarrangement de la taille des peptides par 

clivage de la partie aminoterminale, régulée par INFɣ

La Présentation antigénique
 Chapitre II : Immunologie Moléculaire : lymphocytes T
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CMH-I : Processus de la présentation antigénique 

Immunoproteasome

Chambre catalytique de 
l’Immunoproteasome

Chambre catalytique du 
proteasome

•28 sous-unités

•LMP2,LMP7, & MECL-1 induites par INF : 

formation de l’immunoprotéasome

•Augmentation du clivage après résidus 

hydrophobes

•Liaison de PA28 induite par INFɣ : amplification 

du clivage par le protéasome

La Présentation antigénique

 Chapitre II : Immunologie Moléculaire : lymphocytes T
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CMH-I : Processus de la présentation antigénique 

•Membre de la famille des protéines ABC 

•ABC : ATP Binding Cassette, transport des ions, sucre, Aa, peptides 

•TAP : Transporter associated with Antigen Processing, induites par INF 
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CMH-II

HLA-DP: HLA-DPB1*119:01/HLA-DPB1*112:01/HLA-DPB1*126:01/HLA-DPB1*129:01……

HLA-DQ: HLA-DQB1*02:01/HLA-DQB1*02:02/HLA-DQB1*02:03……

HLA-DR: HLA-DR1/HLA-DR7/HLA-DR11/HLA-DR15/HLA-DR4……
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Sillon de liaison au peptide Taille des peptides :10 à 20aa

Peptides d’ancrages

CMH-II : nature des peptides & motifs d’ancrage 

Taille moyenne :15aa
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CMH-II : nature des peptides & motifs d’ancrage 
Interaction CMH-Peptide Stabilisation de la molécules de CMH

Sites d’interactions entre le CMH et le peptides: 
la force d’interaction est dépendante de la nature des acides aminés 
aux sites d’interaction
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CMH-II : Processus de la présentation antigénique 
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CMH-II : Processus de la présentation antigénique 

Cathépsines S&L: protéases 
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CMH-II : Processus de la présentation antigénique 
MIIC: Compartiment CMH classe II 
G: Appareil de Golgi
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CMH-I & CMH-II : La présentation croisée 

 Chapitre II : Immunologie Moléculaire : lymphocytes T
La Présentation antigénique
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CMH non classiques 
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CMH non classiques 

CMH- Non classiques • Majorité avec une homologie structurelle 
avec le CMH-I 

• Faible polymorphismeCMH-Ib
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CMH non classiques 
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CMH non classiques 
HLA-E

intracellular motifs through which they signal. Inhibitory
KIR and LILR carry long cytoplasmic tails bearing
immunoreceptor tyrosine-based inhibitory motifs (ITIMs).
In contrast, activating receptors have a truncated cyto-
plasmic tail that lacks any signalling domains of its own.
Instead, these receptors signal by association with adaptor
proteins such as DAP12, FcRg or DAP10 using immunor-
eceptor tyrosine-based activating motifs (ITAMs) in their
cytoplasmic tails. This dependence on adaptor proteins is
indicated by the location of the genes for DAP12 and
DAP10 within the LRC, where the KIR and LILR are
themselves encoded (Trowsdale, 2001).
Recognition ofMHC-Ia and -Ib bymembers of theKIR

and LILR families can elicit a wide range of functional
effects, including the regulation of NK cell activity and
modulation of antigen-presenting cell phenotype (Trows-
dale, 2001; Anderson and Allen, 2009; Pilsbury et al.,
2010). Although they lack the fine specificity for individual
peptide/MHC complexes shown by their classical TCR
counterparts, KIR and LILR do exhibit some degree of
ligand specificity. Individual KIR recognise subsets of
MHC-Ia alleles. Inhibitory LILR show a broad specificity
forMHC-Ia and -Ib; however, they bind some alleles more
strongly than others. Activating members of the LILR
family show a preference for b2m-independent forms of
HLA-C alleles (Jones et al., 2012).
Several lectin-like receptors specific for MHC-Ib are

encodedwithin theNKConhumanchromosome12.These
include NKG2-A, -B, -C, -E and -H and the CD94 protein
with which they form heterodimer complexes. As with the
LRC-encoded receptors, receptors in theNKG2 family can
be designated as activating or inhibitory according to the
presence or absence of ITIM motifs in their cytoplasmic
domains. NKG2A and B are thus designated as inhibitory,
whereas activating members of the family, such as CD94/
NKG2C, associate with the adapter protein DAP12 to
signal through its ITAM domains.

MHC-Ib Proteins encoded within the
Major Histocompatibility Complex

MHC-I proteins were first named after the gene complex in
which the classicalmembers of the family are encoded – the
MHC. Various MHC-I proteins are found within this
region of chromosome 6 and include the classical HLA-A,
-B and -C in addition to the nonclassicalMHC-Ib proteins
HLA-E, -F and -G, Hfe, MHC class I polypeptide-related
sequence A (MICA) andMHC class I polypeptide-related
sequence B (MICB).

HLA-E

Of the MHC-Ib proteins encoded on chromosome 6,
HLA-E shows the greatest similarity to classical alleles in
terms of its ligand-binding and immune-recognition
properties; HLA-E associates with b2m to bind short
peptides within its antigen-binding groove (Figure 2) and
can be recognised by innate immune receptors with a
degree of peptide specificity (Hoare et al., 2008) as well as
by classical TCR.
The crystal structure of HLA-E revealed a peptide-

binding groove containing five pockets that accommodate
‘anchor’ residues of the bound peptide, as compared with
the two or three that are usually present in MHC-Ia
(O’Callaghan et al., 1998). A high number of anchor resi-
dues impose strict constraints on the sequence of peptides
that can be bound by HLA-E. The cognate peptide, which
can achieve these structural constraints, is derived from the
leader sequence of MHC-Ia proteins. A leader sequence is
required to direct newly synthesised MHC-Ia into the
endoplasmic reticulum during protein translation. Having
served this purpose, the leader sequence is cleaved off and
then subsequently processed for binding to HLA-E. Once
an MHC-Ia leader peptide has been complexed within its

Short peptide fragment
derived from leader
sequence of MHC-la

Receptor(s)

binding groove

Heavy chain

Cell attachment

Expression Ubiquitous

Transmembrane

Contents of antigen

HLA-E

!2m associated?

CD94/NKG2A-C and "!TCR

"1 "2 "3

Yes

"1 "2

"3!2m

Figure 2 HLA-E. The overall structure of HLA-E is very similar to that for classical MHC-Ia. A defining feature of this MHC-Ib protein is that strict structural
constraints within the antigen-binding groove restrict the repertoire of peptides that can be bound.

eLS & 2013, John Wiley & Sons, Ltd. www.els.net4

Non-Classical MHC Class I Molecules (MHC-Ib)

• Grande homogénéité structurale avec les CMH-I 
classique  

• Interaction avec le TCR𝛼β 

• Interaction avec CD94/NKGD2A-C 

• Reconnaissance de peptides de petite taille, issues de la 
séquence leader des antigènes 

• Reconnaissances de peptides de pathogènes (ex 

Mycobacterium tuberculosis) 
• Expression ubiquitaire  
• Corrélation entre l’expression entre CMH-I classique & 

HLA-E 
• Sous-expression de HLA-E : reconnaissance la cellule par 

les cellules NK. 
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CMH non classiques 
HLA-F

antigen-binding groove, HLA-E progresses to the cell
surface for immune surveillance. As its cell surface
expression is dependent onpeptides derived fromMHC-Ia,
HLA-E acts as a ubiquitous marker of healthy nucleated
cells alongside HLA-Ia. Any loss of MHC-Ia expression
(as frequently observed in viral infection or cancer) will
result in a lack of leader peptide available to bind HLA-E,
which will then be retained inside the cell rather than
progressing to the cell surface.
Reduced levels in surface expression ofHLA-Ewill have

immune consequences for a cell. ThisMHC-Ib protein has
a predominantly inhibitory effect onNK cell functions due
to its recognitionbymembers of theCD94/NKG2 receptor
family (Lee et al., 1998; Braud et al., 1998). Thus, loss of
HLA-E on a target cell can result in NK cell-mediated
destruction. CD94 is the major determinant of HLA-E
binding, with the associatedNKG2 subunit responsible for
signal transduction. As described above, NKG2 receptors
can be activating or inhibitory in nature, so control systems
must be in place to ensure an appropriate outcome fol-
lowing HLA-E recognition. The various NKG2 receptors
are expressed in a sequential order with inhibitory mem-
bers of the family appearing before activating receptors
(Iwaszko and Bogunia-Kubik, 2011). A further level of
control is imposed by the strength of receptor/ligand
interaction; activating CD94/NKG2 receptors appear to
have amuch lower affinity forHLA-E than their inhibitory
counterparts (Sullivan et al., 2008). Together these control
mechanisms ensure that the main function of HLA-E is to
act as a marker of healthy MHC-Ia production by a cell
and protect it from NK cell lysis.
Under certain conditions such as stress or infection, an

alternative repertoire of peptides may bind to HLA-E.
Cellular stress induces the upregulation of heat shock
proteins, and peptide fragments of these can bind and be
presented by HLA-E. This reduces the strength of binding
to CD94/NKG2 inhibitory receptors and results in target
cell lysis. It can also lead to HLA-E-restricted T-cell
recognition. Microbial-derived peptides presented by
HLA-E have been identified for pathogens including

Mycobacterium tuberculosis to influence pathogen-specific
T-cell responses (Van Hall et al., 2010).

HLA-F

The biology of HLA-F is less well studied than that of its
MHC-encoded class Ia and Ib neighbours, so relatively
little is known about the recognition or functions of this
protein. HLA-F readily associates with b2m but does not
bind peptide or present any known antigen (Figure 3; Lepin
et al., 2000;Goodridge et al., 2010). In themajority of cells,
HLA-F remains intracellular, but cell surface HLA-F is
seen on leukocytes following cell activation (Lee et al.,
2010), where it associates with b2m-free heavy chain forms
of MHC-Ia (Goodridge et al., 2010). As with the b2m-free
MHC-Ia heavy chains themselves, cell surface HLA-F
may, therefore, be regarded as a marker of immune cell
activation. It is interesting to note that the only lympho-
cytes that do not exhibit cell surface expression of HLA-F
on activation are regulatory T-cells (Lee et al., 2010).
Together these observations may indicate a functional role
for HLA-F. HLA-F is known to act as a ligand for the
inhibitory innate immune receptors LILRB1 and LILRB2
but is yet to be studied in the context of activating LILR.
However, it is known that the b2m-free heavy chains, with
which HLA-F associate, are preferential ligands for acti-
vating members of the LILR family (Jones et al., 2012).
Interactionofb2m-freeMHC-Iaheavy chainswithHLA-F
may thus regulate the balance of LILR activity.

HLA-G

HLA-G is a powerful immune inhibitory protein. Its
expression is usually limited to placental trophoblast cells,
where it can be produced in multiple isoforms and is
thought to protect fetal tissue from attack by the maternal
immune system.
A crystal structure of HLA-G defined an antigen-

binding groove that is capable of binding peptide but
which, like HLA-E, structurally limits the repertoire of

Receptor(s)

Cell attachment

HLA-F
LILRB1 and LILRB2

Heavy chain

Expression

Contents of antigen
binding groove

Empty

Yes

Transmembrane

Activated lymphocytes

!1 !2 !3

"2m associated?

!1 !2

!3"2m

Figure 3 HLA-F. Relatively little is known about this MHC-encoded protein. Although it associates with b2m, this MHC-Ib protein does not appear to play
any role in antigen presentation. To date, the only known receptors for HLA-F are members of the LILR family.

eLS & 2013, John Wiley & Sons, Ltd. www.els.net 5

Non-Classical MHC Class I Molecules (MHC-Ib)

• Pas de site de fixation d’antigène  

• Pas de présentation antgénique 

• Interaction avec CD94/NKGD2A-C 

• Expression intracellulaire dans la majorité des cellules 

• Expression sur la surface des cellules lymphocytaires 

activés 

• Absente d’expression de surface au niveau des 

lymphocytes T régulateurs 

• Joue le rôle de ligand des récepteurs inhibiteurs de 

l’immunité innée (LILRB1 & LILRB2) 
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• Profil d’expression restreint 
• Inhibition de la réponse immunitaire locale (phénomène 

de tolérance) 
• Expression au niveau placentaire (Trophoblaste) 
• Expression de nombreux isoformes (Niveau 

placentaire):HLAG1-HLAG7/ interaction ou non avec la 
B2m/Formes membranaires et solubles 

• Protection du foetus contre le systèmes immunitaire 
maternel 

• Expression dans certains types de cellules cancéreuses  
• Interaction avec les récepteurs de famille des KIR & LILR : 

inhibition de l’activité des LT/LB & NK 
• Action immuno-modulatrice via l’interaction avec HLA-E peptides it can bind (Figure 4) (Shiroishi et al., 2006). HLA-

G exists in multiple isoforms. These HLA-G isoforms vary
in theirb2massociation and their existence as soluble or cell
surface forms. Of the seven known HLA-G isoforms, four
are found at the cell surface (HLA-G1 to HLA-G4) and
three are produced as soluble proteins (HLA-G5 to HLA-
G7) (Carosella et al., 2011a). Some HLA-G isoforms exist
as dimers, due to the unusual ability of this MHC-Ib to
form disulphide-bonded homodimers through otherwise
unpaired cysteine residues in its extracellular domains
(Shiroishi et al., 2006).

HLA-G acts as a ligand for several innate immune
receptors in the LRC-encoded KIR and LILR families.
The first receptor interaction documented for HLA-G was
with an Ig-like receptor, KIR2DL4. KIR2DL4 is an aty-
pical member of the KIR family; it is one of three ‘frame-
work’ receptors that are found in all haplotypes of the
otherwise highly variable KIR gene complex and is highly
conserved. In contrast to othermembers of theKIR family
found at the cell surface, KIR2DL4 appears to be located
in endosomes, where it interacts with soluble HLA-G iso-
forms that have been endocytosed (Rajagopalan and
Long, 2012). The functional consequences of this intra-
cellular recognition continue to be studied. HLA-G is also
the highest-affinity self-ligand for the inhibitory receptors
LILRB1 and LILRB2. The strength of this LILR/HLA-G
interaction is further enhanced for disulphide-bonded
dimers of HLA-G (Shiroishi et al., 2006). Through its
engagement of LILRB1 and LILRB2, HLA-G has the
potential to inhibit the immune functions of T-, B-, NK
and antigen-presenting cells. It is known to favor the dif-
ferentiation of tolerogenic antigen-presenting cells and
regulatory T-cells (Anderson and Allen, 2009).

In addition to direct inhibition of immune functions,
HLA-G can exert indirect immunoregulation via HLA-E.
When the leader peptide of HLA-G is bound within its
antigen-presenting groove, HLA-E shows a stronger affi-
nity for CD94/NKG2 than for MHC-Ia-derived leader
peptides in addition to increased inhibitory signalling
(Iwaszko and Bogunia-Kubik, 2011).

Hfe

Originally known as HLA-H (a nomenclature now used to
refer to an unrelated pseudogene), mutations in this
MHC-Ib protein were found to be responsible for hae-
mochromatosis, an iron overload disease. Following this
discovery, the gene was renamed Hfe (for High Iron (Fe)).
Hfe associates with b2m but does not present any antigen
(Figure 5). Instead, it associates in cis with the transferrin
receptor (Bennet et al., 2000) to regulate iron absorption.
Mutations that prevent Hfe from associating with b2mwill
result in haemochromatosis (Jacobs et al., 2007). Hence, it
appears that Hfe has no direct role in the immune system.
However, it is worth noting that iron homoeostasis can
influence disease outcome following infection, with several
pathogens known to target iron uptake (Drakesmith and
Prentice, 2008).

MICA and MICB

Of theMHC-Ib proteins encoded within theMHC,MICA
andMICBmaybe considered as bearing the least similarity
to the classical MHC-Ia. These proteins do not associate
with b2m and do not appear to have a functional antigen-
presenting groove (Figure 6). They do, however, exhibit
a high degree of polymorphism; more than 70 MICA
and 30 MICB alleles have been identified to date
(Fernandez-Messina et al., 2012). Owing to their extensive
polymorphisms, MIC proteins play a role as minor histo-
compatibility antigens in transplantation.

The appearance of MICA or MICB on the surface of
epithelial cells may act as a danger signal in response to
stress, infection or transformation. MICA and MICB
trigger signalling through NKG2D, an NKC-encoded
member of the C-type lectin family, which is expressed on
NK cells, T-cells andmacrophages. Unlike other members
of the NKG2 family, functional NKG2D exists as a
homodimer and transmits activating signals via associa-
tion with the adaptor protein DAP10. MICA is somewhat
promiscuous in its receptor-binding property, as it may
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Figure 4 HLA-G. HLA-G exists in multiple isoforms and shows a restricted tissue distribution. The standard form of HLA-G is similar to that of MHC-Ia
alleles, although structural constraints limit the repertoire of peptides that can bind within the antigen-binding groove.
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Complexe Majeur d'histocompatibilité

A.Ghidouche

CMH non classiques 
MICA & MICB • Faible similarité structurale avec les molécules de CMH 

classique 
• Absence d’interaction avec la B2m 
• Grand degré de polymorphisme:~70 MICA & 30 MICB 
• Rôle dans la translation d’organes (Antigènes mineurs 

d’histocompatibilité) 
• Expression à la surface quand la cellule est en état de 

stress( transformation maligne/infection): c’est un signal 
de danger 

• Ligand du récepteur NKG2D (LT/NK/macrophages) 

• Interaction de MICA avec les récepteurs de type Tγ𝜹

also be recognised by gd TCR bearing the Vd1 gene seg-
ment (Groh et al., 1998; Groh et al., 1996;Wu et al., 2002).
NKG2D and Vd1 TCR may compete for binding to
MICA. It appears that the interaction with the gd TCR
is of low affinity but long lasting, whereas binding to
NKG2D is almost 1000-fold stronger but of shorter
duration (Xu et al., 2011).

Outside the MHC: Other MHC-Ib and
MHC-I-Like Proteins

ULBPs

A further set of MHC-Ib proteins encoded within another
region of chromosome 6 acts as ligands for NKG2D
(reviewed in Fernandez-Messina et al., 2012). UL16-
binding proteins (ULBPs) contain domains that resemble
the a1 and a2 domains of MHC-Ia and usually exist as
structures that are attached to the membrane by a glyco-
phosphatidylinositol (GPI) tail (Figure 7). The relevance of
GPI linkage is not clear but may locate the protein to
specific regions of the cellmembranewithin lipid rafts. Like
their fellow NKG2D ligands MICA and MICB, ULBPs

are upregulated in response to cellular stress. They are also
polymorphic but less than MIC genes. It is not clear why
there are multiple ligands for NKG2D or why the receptor
itself is expressed on multiple cell types (NK cells, CD8+
ab T-cells and gd T-cells from the intestinal epithelium).
Recognition of certain NKG2D ligands by gd TCR adds a
further layer of complexity to this system.

CD1

CD1 proteins are predominantly expressed by professional
antigen-presenting cells (Pei et al., 2012). These b2m-asso-
ciated MHC-Ib proteins have a specialised antigen-binding
groove which enables them to present glycolipid or phos-
pholipid antigens for immune recognition (Figure 8). Struc-
tural analysis has revealed infinedetail how thehydrophobic
region of a lipid becomes engaged within the pockets of
CD1d, leaving the polar part of the molecule available for
immune receptor recognition (Zajonc and Kronenberg,
2007). See also: Glycolipid Presentation by CD1

In humans, the CD1 family can be subdivided into three
subsets: group1 (CD1a,CD1bandCD1c), group2 (CD1d)
and group 3 (CD1e), but only one of these, CD1d, is found
inmice. CD1d is the best-characterisedmember of theCD1
family. This is due in part not only to its presence in the
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Figure 6 MICA and MICB. MIC proteins do not associate with b2m and do not appear to play a role in antigen presentation. These transmembrane
proteins are upregulated in response to stress stimuli.
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Figure 5 Hfe. This MHC-Ib protein associates with b2m but does not appear to play any role in antigen presentation. Rather than immune function, the
principal activity of Hfe is in Iron regulation.
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