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Abstract

T cell activation depends on the specific recognition by their T cell receptors (TR) of antigenic peptides bound to major

histocompatibility complex (pMHC). Optimal T cell responses occur when T cells not only receive antigen-specific signals

through the TR but also non-antigen-specific costimulatory activatory or inhibitory signals through costimulatory

receptors. The activatory CD28/B7-1 (or B7-2), inhibitory CTLA4/B7-1 (or B7-2), activatory ICOS/B7H2 and inhibitory

PDCD1/B7H1 (or B7DC) pathways involve the interaction of the V-LIKE-DOMAIN of the receptor with a B7 family

member. The BTLA/HVEM pathway involves the interaction of the BTLA receptor C-LIKE-DOMAIN with HVEM, a

TNFR family member. The human and mouse CD28, CTLA4, ICOS, PDCD1 and BTLA genes, alleles and alternative

transcripts and the IMGT Colliers de Perles of the IgSF domains, based on the IMGT unique numbering, are described

according to the IMGT-ONTOLOGY concepts of IMGTs, the international ImMunoGeneTics information systems,

http://imgt.cines.fr).

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mounting an appropriate immune response
depends on the careful regulation of lymphocyte
activation. Lymphocytes require two independent
signals to become fully activated. The first one is an
antigen-specific signal. The T cell receptors (TR) on
T cells or the immunoglobulins (IG) on B cells
specifically bind the antigen and the signal is
transmitted to the cell interior through the corecep-
tors which comprise for the TR the CD3 gamma
(CD3G), CD3 delta (CD3D), CD3 epsilon (CD3E)
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and alternatively spliced CD3 zeta and CD3 eta
(CD3Z) proteins organized in CD3ge, de, and zz or
zZ dimers, and for the IG, CD79A and CD79B [1,2].
A second signal, termed ‘costimulation’ is critical
for full activation of a naive lymphocyte. The
costimulatory signal is independent of the antigen
receptor and has no stimulatory capacity on its own,
but is required to allow full activation [3].

The first cell surface protein shown to function as
a costimulatory receptor on T lymphocytes was
CD28 [4]. Since the identification of CD28, the
number of proposed costimulatory receptors has
grown significantly [5]. They are classified into
activatory and inhibitory receptors depending on
the resulting positive or negative signal on T cell
activation, which follows ligand binding. These
proteins possess at least one domain with a
V-LIKE or C-LIKE fold and thus belong to the
immunoglobulin superfamily (IgSF) [6–8] (Table 1).
They are type I transmembrane proteins.

The CD28 family includes three closely related
members: CD28, CTLA4 (cytotoxic T-lymphocyte-
associated protein 4) and ICOS (inducible T-cell
costimulator). Programmed cell death 1 (PDCD1)
represents a more distantly related protein. The
extracellular region of the CD28 family member
(CD28, CTLA4, ICOS) proteins and of the PDCD1
protein comprises one V-LIKE-DOMAIN [9]. Their
ligands expressed on antigen-presenting cells (APC)
are members of the B7 family [10,11]. CD28, an
activatory receptor [4,12], and CTLA4, an inhibi-
tory receptor [13–15], share the same ligands B7-1
(CD80) and B7-2 (CD86) [16,17]. ICOS, an
activatory receptor [18,19] binds B7H2 (ICOSL,

B7RP1) [20,21]. PDCD1, an inhibitory receptor
[22], binds B7H1 (PD-L1, B7-H1) and B7DC (PD-
L2, B7-DC) [23]. A fifth receptor, B and
T lymphocyte attenuator (BTLA) comprises one
C-LIKE-DOMAIN [9]. BTLA, an inhibitory re-
ceptor, binds herpes virus entry mediator (HVEM),
a member of the TNF receptor superfamily [24–26]
although it was first suggested that it may also
interact with B7H4 [27]. The costimulatory recep-
tors bind their ligands via their extracellular IgSF
domain (V-LIKE-DOMAIN for CD28, CTLA4,
ICOS and PDCD1 and C-LIKE-DOMAIN for
BTLA) and the signal is exerted and delivered to the
T cells through the cytoplasmic region of the
receptors.

In humans, the CD28, CTLA4, ICOS and
PDCD1 genes are localized on chromosome 2
(Table 2, Fig. 1). The CD28, CTLA4 and ICOS
genes are closely linked at 2q33.3 and oriented in the
forward (FWD) orientation [28,29]. They form an
immunological costimulatory receptor locus which
spans 380 kilobases (kb). CD28 and CTLA4 are
separated by 30 kb [30]. Human chromosome 2q33
is considered as an immunologically important
region based on the linkage of numerous auto-
immune diseases to the CTLA4 locus [31]. PDCD1
is localized on chromosome 2 at 2q37.3 [32] and
BTLA on chromosome 3 at 3q13.2, both genes
being in reverse (REV) orientation [24].

In this review, we provide a standardized
description of the human and mouse CD28,
CTLA4, ICOS, PDCD1 and BTLA genes and
proteins according to IMGT-ONTOLOGY [33]
and to the IMGT Scientific chart rules [34–36].
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Table 1

Characteristics of the human CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA proteins

Protein

name

Chain association Monomer

molecular

weight

(in kDa)

Extracellular IgSF

domain

Number of

N-glycosylation

sitesa

Costimulatory

signalb
Cell

expression

Inducible

Number Type

CD28 Homodimer 25 1 V 5 + T cells Yes

CTLA4 Homodimer 24 1 V 2 � T cells Yes

ICOS Homodimer 22 1 V 3 + T cells Yes

PDCD1 Monomer 31 1 V 4 � T, B and

myeloid cells

Yes

BTLA Monomer 32 1 C 3 � T and B cells Yes

kDa: kilodalton.

These proteins are membrane type I proteins (N-terminal end is extracellular and C-terminal end is intracellular).
aAll the N-glycosylation sites are localized in the extracellular IgSF (V-LIKE-DOMAIN for CD28, CTLA4, ICOS and PDCD1) and

C-LIKE-DOMAIN for BTLA.
b(+) indicates an activatory signal and (�) indicates an inhibitory signal.
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We provide two-dimensional (2D) graphical repre-
sentations or IMGT Collier de Perles of the IgSF
domains based on the IMGT unique numbering

[6,7]. The IMGT Colliers de Perles allow to bridge
the gap between sequences and 3D structures in
IMGTs, the international ImMunoGeneTics in-
formation systems [34], as this can be demonstrated
with the three-dimensional (3D) structures for
CD28, CTLA4, PDCD1 and BTLA, which are
available in PDB [37] and in IMGT/3Dstructure-
DB [38]. The IMGT Colliers de Perles also allow to
compare IgSF domains between non-mammalian
species as recently shown in teleost [9].

2. CD28

2.1. CD28 activatory receptor

CD28 is a 25 kDa homodimeric glycoprotein
present on T cells that interacts with B7-1 (CD80)
and B7-2 (CD86) expressed on the APC [4,12,39]. A
cysteine in the connecting region allows the homo-
dimer formation. CD28 costimulation is essential
for T cell proliferation, survival, interleukin (IL2)
production and T helper type 2 (Th2) development
[40]. The activation signalling pathway which
follows the CD28/B7-1 and CD28/B7-2 interactions
has been widely recognized as the major costimula-
tion activatory pathway for naive T cell activation
[41,42]. This pathway plays a central role in immune
responses against pathogens, in autoimmune dis-
eases and in graft rejection. CD28 intensifies and
prolongs biochemical signals that are normally
generated by the TR-CD3 complex [40]. CD28
mediates the production of IL2, that in turn allows
the proliferation, differentiation and survival of
activated T cells [43].
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Table 2

Chromosomal localization of the Homo sapiens and Mus musculus CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA

genes

IMGT and HGNC

gene name

Chromosomal localization Gene orientation on chromosome Gene aliases

Human Mouse Human Mouse

CD28 2q33.3 1C1.3 (30.1 cM) FWD FWD Tp44

CTLA4 2q33.3 1C1.3 (30.1 cM) FWD FWD CD152, CTLA-4

ICOS 2q33.3 1C1.3 (32.0 cM) FWD FWD CD278, AILIM,

CRP-1

PDCD1 2q37.3 1D REV REV CD279, PD-1

BTLA 3q13.2 16B5 (29 cM) REV FWD CD272, BTLA1

FWD (forward orientation) and REV (reverse orientation) are according to the concept of ORIENTATION of genes and locus on

chromosome (IMGT Index, http://imgt.cines.fr).

Fig. 1. Homo sapiens chromosomal localization of the CD28

family members (CD28, CTLA4, ICOS), PDCD1 and BTLA

genes. CD28, CTLA4, ICOS are localized on chromosome 2 at

band 2q33.3 in FWD orientation, PDCD1 on chromosome 2 at

band 2q37.3 in REV orientation, and BTLA on chromosome 3

at band 3q13.2 in REV orientation. CD28 is at 30 kb from

CTLA4 and CTLA4 is at 130 kb from ICOS (IMGT Repertoire

4RPI, http://imgt.cines.fr). Gene orientation is shown by

arrows. FWD and REV orientation are according to the concept

of ORIENTATION of genes and locus on chromosome (IMGT

Index, http://imgt.cines.fr).
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The possible mechanisms by which human and
mouse CD28 initiate costimulation is by recruiting
the phosphatidylinositol-3-kinase (PI3K), following
phosphorylation of the ‘‘tyrosine–methionine–as-
paragine–methionine’’ 13YMNM16 motif in their
cytoplasmic region [43] (Fig. 2). Phosphorylation of
Y13 allows the recruitment of PI3K, growth factor
receptor-bound protein 2 (GRB2) and Grb2-related
adaptor downstream of SHC (GADS) via their src-
homology region 2 (SH2) domains. This tyrosine is
considered to uncouple the signals required for

proliferation and survival [44]. Proline-rich motifs
18PRRP21 and 30PYAP33 adjacent to the
13YMNM16 motif in the cytoplasmic region recruit
the interleukin-2 tyrosine kinase (ITK) (a pleckstrin
homology and SH3 domain-containing T-cell-spe-
cific tyrosine kinase) and the Src family lymphocyte-
specific protein tyrosine kinase (LCK) via their SH3
domain, which leads to their activation. These
proline-mediated interactions with SH3 domains
are critical for downstream signalling [45,46]. The
interaction pattern of CD28 with B7-1 (CD80)
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Fig. 2. IMGT Protein display of CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA proteins from human (Homo sapiens)

and mouse (Mus musculus). All amino acid sequences are translations from alleles *01. Accession numbers are available in Fig. 3 legend.

The IMGT Protein display is according to the IMGT unique numbering for V-LIKE-DOMAIN [6] and for C-LIKE-DOMAIN [7]. The

V-LIKE-DOMAINs and the C-LIKE-DOMAINs are designated with the IMGT labels (IMGT Scientific chart, http://imgt.cines.fr). Beta

strands of the extracellular IgSF domain are shown by horizontal arrows. Dots indicate gaps according to IMGT unique numbering [6,7].

Putative N-glycosylation sites are underlined. Amino acids resulting from a splicing with a preceding exon are shown between parentheses

and the splicing frames are indicated in corresponding IMGT colors (IMGT Scientific chart, http://imgt.cines.fr). Splicing frame 1 in

purple, Splicing frame 0 in blue. PI3K binding domain ‘‘Y-M-x-M’’ is in green, the proline-rich motifs are in yellow with letters in green

for ITK (SH3) binding domain and with letters in red for phosphatase 2A (PP2A) binding domain, ITIM are in red (amino acids ‘TE’ of

ITSM are underlined). The GRB2 binding domains ‘‘Y-x-N’’ are in cyan. The cysteine in the connecting region of CD28, CTLA4 and

ICOS involved in the homodimer disulfide bond is in magenta. Gene names (symbols) are according to IMGT Nomenclature Committee

(IMGT-NC) [33] and to the HUGO Nomenclature Committee (HGNC). Homsap: Homo sapiens; Musmus: Mus musculus. L-REGION,

HI: HYDROPHILIC-REGION, CO: CONNECTING-REGION, TM: TRANSMEMBRANE-REGION and CY: CYTOPLASMIC-

REGION.
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suggests that CD28 has a dual role as an adhesion
and a signalling molecule. B7-1 binds with low
affinity to CD28 and with high affinity for CTLA4
and these interactions might hold the APC and the
T cell at uniform distance that aids proper interac-
tion of TR with antigenic peptides bound to major
histocompatibility complex (pMHC) [16]. Both
B7-1 and B7-2 are able to induce the association
of PI3K with CD28 following the phosphorylation
of the 13YMNM16 motif. However, engagement of
CD28 with B7-1 and with B7-2 have probably
different functional consequences. Rapid dissocia-
tion of B7-2 from CD28 may not permit the robust
tyrosine phosphorylation that the prolonged bind-
ing of B7-1 induces [17].

The signals generated by CD28 integrate with
those of the TR-CD3 and activate the mitogen-
activated protein kinase (MAPK) JNK. The JNK
protein kinase phosphorylates transcription factors
that activate the IL2 gene. These stimulations lead
to the production of cytokines by T cells [47].

2.2. CD28 gene exon– intron organization

The human CD28 gene localized on chromosome
2 at 2q33.3 spans 28.2 kb from the EX1 initiation
codon (ATG) to the stop codon. The coding region
is organized in four exons (EX1–EX4) encoding 220
amino acids (aa) [48] (Fig. 3). The EX1 (52 bp)
encodes the L-REGION (17 aa), EX2 (357 bp)
encodes the extracellular V-LIKE-DOMAIN [D]
(119 aa), EX3 (125 bp) encodes the CONNECT-
ING-REGION (CO) (16 aa) and the TRANS-
MEMBRANE-REGION (TM) (26 aa), and EX4
(126 bp) encodes the CYTOPLASMIC-REGION
(CY) (42 aa) (Table 3, Fig. 4). Different transcripts
that result from alternative splicing have been des-
cribed, five of them lack either the complete EX2 or
a large part of it which affects the ligand binding extra-
cellular V-LIKE-DOMAIN [D] (Table 4, Fig. 5).
Two transcripts lack EX3 or a large part of it which
results in TM absence or truncation, and may
encode potential soluble isoforms (Fig 5) [49].

The mouse CD28 gene is localized on chromo-
some 1 at band C (C1.3, 30.1 cM). The mouse CD28
gene has four exons (EX1–EX4) encoding 218 aa
[50]. The murine CD28 gene shares 61% nucleotide
identity and the murine CD28 protein shares 68%
aa identity with the human CD28 gene and protein,
respectively. One allele has been observed in mouse
but no splice variant has been described so far. The
cytoplasmic region demonstrates high interspecies

conservation. The motif 13YMNM16 which allows
the recruitment of PI3K following phosphorylation
of the tyrosine and the proline-rich motifs are con-
served in all vertebrate species including teleost [9].

2.3. CD28 V-LIKE-DOMAIN IMGT Collier de

Perles

The extracellular CD28 region comprises a
typical V-LIKE-DOMAIN which has the structure
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Fig. 3. Gene exon/intron organization of the Homo sapiens

CD28 family member (CD28, CTLA4, ICOS), PDCD1 and

BTLA genes. Intron and exon lengths are in base pairs (bp)

(EMBL/GeneBank/DDBJ accession numbers, CD28*01

(M37812, M37813, M37814, M37815), CTLA4*01 (M74363,

M3243, M37244, M37245), ICOS*01 (AJ535718), PDCD1*01

(AF363458) and BTLA*01 (AJ717664). Introns indicated with (J)

are not at scale. Colors are according to the IMGT color menu

for regions and domains (http://imgt.cines.fr).
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of a b-barrel with two layers formed by the
antiparallel ABED and GFCC0C00 b-strands, re-
spectively [6] (Fig. 6). The lengths of the strands and
loops of the V-LIKE-DOMAIN are reported in
Table 5 [6]. Positions are according to the IMGT
unique numbering for V-DOMAIN and V-LIKE-
DOMAIN [6,8]. The strand A has 15 aa (positions
1–15), strand B has 11 aa (positions 16–26), BC loop
(CDR1-IMGT) has 9 aa (positions 27–38, positions
32–34 being unoccupied), strand C has 7 aa
(positions 39–46, position 46 being unoccupied),
strand C0 has 8 aa (positions 47–55), C0C00 loop
(CDR2-IMGT) has 9 aa (position 56–65, position
61 being unoccupied), strand C00 has 6 aa (positions
66–74, positions 72–74 being unoccupied), strand D
has 9 aa (positions 75–84, position 75 being
unoccupied), strand E has 12 aa (positions 85–96),
strand F has 8 aa (positions 97–104), FG loop
(CDR3-IMGT) has 14 aa (position 105–117, with
an addition aa at 117.1), strand G has 10 aa
(positions 118–128, position 128 being unoccupied).
The CD28 V-LIKE-DOMAIN has four cysteines,
the 1st-CYS (C23) and 2nd-CYS (C104) involved in
the classical intradomain bond, and cysteine (C53)
and cysteine (C78) involved in a second additional
intradomain bond. There are five N-glycosylation
sites: N20 (strand B), N58 (CDR2-IMGT), N84
(DE turn), N97 (EF turn) and N120 (strand G). The
cysteines and the N-glycosylation sites (except for
N20) are also conserved in the mouse CD28
V-LIKE-DOMAIN. From mutation studies, the
109MYPPPY114 conserved motif at the tip of the FG
loop in CD28, and also found in CTLA4

(Fig. 2), is considered as the core-binding site for
the B7-1 and B7-2 ligands. The cis–trans–cis main
conformation of the three prolines brings the side
chains of the prolines and tyrosines towards the
ligands B7-1 and B7-2 [51]. The 109MYPPPY114

motif is conserved in most of the organisms
including Gallus gallus [52]. Mutations of the
LDN residues of the 109MYPPPYLDN117 motif of
CD28 reduced both B7-1 and B7-2 binding, whereas
mutations of Y110 and Y114 selectively reduced B7-2
binding without impacting upon B7-1 binding [53].

3. CTLA4

3.1. CTLA4 inhibitory receptor

The cytotoxic T-lymphocyte-associated protein 4
(CTLA4), the second member of the CD28 family,
is an inhibitory receptor expressed by activated T
cells. CTLA4 is expressed at very low levels by naive
T cells compared to CD28, but following stimula-
tion its expression increases dramatically [54,55].
CTLA4 plays a fundamental role in controlling T
cell reactivity to self-antigens. As CD28, CTLA4
also interacts with B7-1 and B7-2 but CTLA4
transmits an inhibitory signal to T cells. CTLA4
engagement inhibits TR binding to the CD3 zeta
(CD3Z) chain in the CD3 complex thereby inhibit-
ing CD3Z phosphorylation and subsequent TR-
CD3 signal transduction [15,56]. CTLA4 and CD28
differ in their affinities towards B7-1 and B7-2. The
higher affinity of CTLA4 for B7-1 and B7-2 allows
the CTLA4 inhibitory receptor to compete with the
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Table 3

Exon lengths of the human CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA genes and corresponding translated regions

Gene and

protein

name

Protein

length

EX1 SF EX2 SF EX3 SF EX4 SF EX5

bp (L-HY) bp (L-D) bp (CO-TM-CY) bp (CY) bp (CY)

CD28 220 52 (17) (16-1) 1 357 (119) (0-119) 1 125 (42) (16-26-0) 0 126 (42) — —

CTLA4 223 109 (36) (34-2) 1 348 (116) (0-116) 1 110 (37) (9-25-3) 0 102 (34) — —

ICOS 199 58 (19) (18-1) 1 336 (112) (0-112) 1 107 (36) (9-24-3) 0 85 (28) 1 11 (4)

PDCD1 288 76 (25) (25-0) 1 360 (120) (6-114) 1 156 (52) (23-24-5) 1 35 (12) 0 237 (79)

BTLA 289 88 (29) (23-6) 1 315 (105) (4-101) 1 144 (48) (18-26-4) 1 47 (16) 0 273 (91)

EMBL/GeneBank/DDBJ accession numbers: CD28*01 (M37812–M37815), CTLA4*01 (M74363, M37243–M37245), ICOS*01

(AJ535718), PDCD1*01 (AF363458) and BTLA*01 (AJ717664). Exon lengths are in base pairs (bp) with between parentheses, the

number of encoded amino acids for the corresponding translated regions. For EX1, EX2 and EX3 the amino acids (aa) numbers are

shown for both the complete exon and per region.

SF: splicing frame type (see IMGT Aide-mémoire4splicing sites, http://imgt.cines.fr). The amino acid that results from the splicing in

splicing frame 1 is included in the aa number of the downstream (30) exon.

IMGT label abbreviations: L: L-REGION, HI: HYDROPHILIC-REGION, D: DOMAIN [V-LIKE-DOMAIN for the CD28 family

member (CD28, CTLA4, ICOS) and PDCD1 proteins and C-LIKE-DOMAIN for the BTLA protein], CO: CONNECTING-REGION,

TM: TRANSMEMBRANE-REGION, CY: CYTOPLASMIC-REGION.

V.P. Garapati, M.-P. Lefranc / Developmental and Comparative Immunology 31 (2007) 1050–1072 1055
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CD28 activatory receptor for these shared ligands
[16]. CTLA4 plays an important role in maintaining
tolerance to self-antigens, both as a negative
regulator of the T cell activation and as an inducer
of clonal anergy [56].

3.2. CTLA4 gene exon– intron organization

The human CTLA4 gene localized on chromo-
some 2 at 2q33.3 spans 7 kb (7195 bp). The coding

region is organized in four exons (EX1–EX4)
encoding 223 aa [13,14,28] (Fig. 3). CTLA4 maps
on the same locus as CD28 and is separated by
30 kb [57]. The chromosomal proximity of CD28
and CTLA4 and their close structural relationship
suggests that these two genes which encode proteins
sharing 31% aa identity resulted from duplication
of a common ancestor [13,14,28]. The EX1 (109 bp)
encodes the L-REGION (36 aa), EX2 (348 bp)
encodes the extracellular V-LIKE-DOMAIN [D]
(116 aa), EX3 (110 bp) encodes the CO (9 aa), TM
(25 aa) and part of the CY (3 aa), EX4 (102 bp)
encodes most of the CY (34 aa).

The mouse CTLA4 gene localized on chromo-
some 1 at band C (C1.3, 30.1 cM) spans 10.64 kb
and is also organized in four exons (EX1–EX4)
[13,57]. As in humans, the mouse CTLA4 gene is
closely linked to the CD28 gene. Sequence compar-
ison between the mouse and human CTLA4 genes
revealed a high degree of sequence conservation
both in the noncoding regions and the coding
regions (78% identity), with an overall score of 71%
over the entire length of the two genes [14,57]. The
mouse CTLA4 protein shares 73% aa sequence
identity with the human protein. The cytoplasmic
region of human and mouse CTLA4 contains the
12YVKM15 motif that recruits the Src homology 2
(SH2) domain, tyrosine phosphatase 2 (SHP2) [58]
and the proline-rich motifs 17PTEP20 and
28PYFIP32 that bind the protein phosphatase 2A
(PP2A) [59].

3.3. CTLA4 V-LIKE-DOMAIN IMGT Collier de

Perles

The CTLA4 V-LIKE-DOMAIN has the classical
topology. The lengths of the strands and loops are
reported in Table 5 and the IMGT Collier de Perles
is shown in Fig. 7. The conserved hexamer
109MYPPPY114 motif in the FG loop and the
120NGT122 motif in the G strand, also observed in
CD28, are well conserved in all vertebrates includ-
ing fish [9]. CTLA4 engagement with B7-1 induces a
lattice structure that results in an alternating
network of CTLA4 and B7-1 homodimers [60].
This lattice structure limits the B7-1 interaction with
CD28. This model offers some explanation as to
how limiting levels of CTLA4 expression can be so
effective in preventing immune response [60]. There
are two N-glycosylation sites at N88 (E-STRAND)
and N120 (G-STRAND) in both human and mouse
V-LIKE-DOMAIN, however the second site N120
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Fig. 4. Regions and domains of the Homo sapiens CD28 family

member (CD28, CTLA4, ICOS), PDCD1 and BTLA proteins.

Lengths of the domains are in number of amino acids. In CD28

family member and in PDCD1 genes, EX2 encodes a V-LIKE-

DOMAIN [D] [6] whereas, in BTLA, EX2 encodes a C-LIKE-

DOMAIN [D] [7]. Colors are according to IMGT Color menu for

regions and domains (http://imgt.cines.fr).
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is only present in human allele *02, as discussed in
next paragraph. This N120 site is also conserved
in human and mouse CD28 V-LIKE-DOMAIN
(Fig. 2).

3.4. CTLA4 polymorphism and diseases

Many association studies of human autoimmune
diseases linked to 2q33 mainly focused on CTLA4
gene polymorphisms. In human, three CTLA4
alleles have been identified (Table 6). The
CTLA4*02 allele has a single nucleotide transition
in EX2 (g3644a) leading to an aa change
(A1224T) in the V-LIKE-DOMAIN (position
according to the IMGT unique numbering for
V-DOMAIN and V-LIKE-DOMAIN) [6]. This
mutation leads to the loss of the glycosylation of
N120 in the motif N-x-S/T. The CTLA4*03 allele
has a single nucleotide transition which leads to an
aa change in EX1 (a494g, T174A) [61]. This
a494g polymorphism has been linked to different
autoimmune diseases such as Graves’ disease, type 1

diabetes, coeliac disease, systemic lupus erythroma-
tosus. There are more Graves disease patients with
g/g or a/g at nucleotide 49 of the CTLA4 domain
and significantly fewer with the a/a compared with
normal controls [61–64].

4. ICOS

4.1. ICOS activatory receptor

The inducible T-cell co-stimulatory (ICOS), an
homodimeric protein of 22 kDa, matching CD28 in
potency, is the third member of the CD28 family
[18]. ICOS gene is expressed in detectable levels on
resting T cells and increases upon T cell activation
and CD28 costimulation [65]. ICOS interacts with
B7H2 (ICOSL, B7RP-1), a member of the B7 family
expressed on the APC [20]. The in vitro experiments
have verified that the interaction between ICOS and
B7H2 stimulates the proliferation of T cells and
production of Th2 cytokines, preferentially IL10
secretion. In humans, the expression of ICOS on the
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Table 4A

Alternative spliced transcripts of the human CD28, ICOS, BTLA and mouse BTLA

Species Gene name IMGT

spliced

transcript

typea

Accession

numbers

Molecule

type

Transcript

length

(codons or

amino acids)

Number of

missing

codons

Positions of

missing

codons

New codons

(or amino

acids)b

Homo

sapiens

CD28 A J02988 cDNA 220

B (1) 136 84 40–123 Y124

C AF222341 cDNA 123 97 40–136 W137

D AF222342 cDNA 101 119 18–136

E AF222342 cDNA 80 140 40–123, Y124

152–207

F AJ295273 cDNA 55 165 40–123, Y124

137–178 G179, E180,

E181*

Homo

sapiens

ICOS A AJ277832 cDNA 199

B BC028006 cDNA 168 31 168–195 M196*

Homo

sapiens

BTLA A AJ717664 cDNA 289

B DQ198368 cDNA 241 48 135–182

Mus

musculus

BTLA A AY29325 cDNA 306

B AK041334 cDNA 305 1 156 I157

(1) no accession number, but described in PMID:2162892 [48] and mentioned in M37812–M37815.
aIMGT spliced transcript A is the complete transcript as deduced from genomic DNA, the human CD28 IMGT spliced transcripts types

B to F result from alternative splicing that affects EX2 and/or EX3 and/or EX4 (Table 4B and Fig. 5). The CD28 resulting transcripts lack

a part or the totality of the extracellular V-LIKE-DOMAIN [D] and/or part of the totality of the TRANSMEMBRANE-REGION. The

human ICOS and BTLA spliced transcript of type B lack the EX4 (CY) and EX3 (CO-TM-CY), respectively.
bNew codons (or amino acids) that result from the alternative splicing are numbered according to the downstream acceptor splice site

and by comparison to the IMGT spliced transcript A. An asterisk (*) indicates a premature stop codon resulting from frameshift.
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activated Th cells is enhanced by the cytokines IL12
and IL23 [18,65]. The ICOS protein has a high
degree of functional similarity in human and mouse.
ICOS has a 16YMFM19 motif in the cytoplasmic
region which binds PI3K but not GRB2 whereas the
13YMNM16 motif of CD28 binds PI3K and GRB2.
It has been hypothesized that the reason that CD28
signalling, but not ICOS signalling, induces IL2
production is its ability to bind GRB2. An ICOS
mutant, containing the CD28 YMNM motif showed
that the difference of a single aa N4F defines the
functional difference between ICOS and CD28 [66].

4.2. ICOS gene exon– intron organization

The human ICOS gene is localized on chromo-
some 2 at 2q33.3 and separated from the CTLA4

gene by 130 kb. The human ICOS gene has five
exons (EX1–EX5) that encode 199 aa and spans
22,758 bp from the EX1 initiation codon (ATG) to
EX5 termination codon (stop codon) [19] (Fig. 3).
EX1 (58 bp) encode the L-REGION (18 aa) and a
short HI (1 aa), EX2 (336 bp) encodes the V-LIKE-
DOMAIN (112 aa), EX3 (107 bp) encodes the CO
(9 aa) and the TM (24 aa) and a part of the CY
(3 aa), EX4 (85 bp) and EX5 (11 bp) encode most
of the CY (32 aa). The ICOS protein shares
24% and 17% identity, with the CD28 and CTLA4
proteins, respectively. An alternative splicing pro-
duct with three exons (EX1–EX3) that poten-
tially encodes 168 aa has been described (Table 4,
Fig. 5).

The mouse ICOS gene is localized on chromo-
some 1 at band C (C1.3, 32.0 cM) (Table 2) and is
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Table 4B

Exons affected by the alternative splicing

Species Gene name IMGT

spliced

transcript

typea

Transcript

length

(codons or

amino acids)

EX1 EX2 EX3 EX4 EX5 EX6

Homo

sapiens

CD28 A 220 1–17 (18)–136 (137)–178 179–220

B 136 1–17 (18)–39 and

(124)—136

(Y)

(137)–178 179–220

C 123 1–17 (18)–39 (137)–178

(W)

179–220

D 101 1–17 No EX2 (137)–178 179–220

E 80 1–17 (18)–39 and

(124)—136

(Y)

137–151 208–220

F 55 1–17 (18)–39 and

(124)–136

(Y)

No EX3 179–181

Homo

sapiens

ICOS A 199 1–19 20–131 132–167 168–195 196–199

B 168 1–19 20–131 132–167 No EX4 196 (M)

Homo

sapiens

BTLA A 289 1–29 30–134 135–182 183–198 199–289

B 241 1–29 30–134 No EX3 183–198 199–289

Mus

musculus

BTLA A 306 1–36 37–143 144–155 156–208 209–224 225–306

B 305 1–36 37–143 144–155 157–208 209–224 225–306

Description of the affected exons in alternative spliced transcripts. The position of codons present in the transcripts are indicated.

Positions of the new codon resulting from the splicing and encoded amino acid are indicated between parentheses. Homo sapiens CD28

transcript B (136 codons) lacks codons 40–123 replaced with a tyrosine (Y) codon, transcript C (123 codons) lacks codons 40–136 replaced

with a tryptophan (W) codon. Transcript D (101 codons ) has no EX2, transcript E (80 codons) lacks codons 40–123 replaced with a (Y)

codon and lacks codons 152–207, transcript F (55 codons) lacks codons 40–123 replaced with a (Y) codon and lacks 137–178. Transcript F

has no EX3 and, owing to the alternative splicing, the EX4 reading frame is shifted which leads to a premature stop codon. Homo sapiens

ICOS transcript B lacks codons 168–195 replaced with a methionine (M) codon. As a result from the alternative splicing, the EX5 reading

frame is shifted which leads to a premature stop codon. Homo sapiens BTLA transcript B has no EX3 and lacks codon 135–182.

Mus musculus BTLA transcript B, lacks the first codon of EX4 while preserving the reading frame 1. Blank cells indicate no codons.
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encoded by five exons (EX1–EX5) [21]. The mouse
ICOS gene shares 78% nucleotide identity and 69%
aa identity with the human gene. Two alleles have
been identified in mouse ICOS gene (Table 7). The
allele ICOS*02 has a single nucleotide transition
leading to an aa change in EX1 (g204a, R74H).

4.3. ICOS V-LIKE-DOMAIN IMGT Collier de

Perles

Lengths of the strands and loops of the ICOS
V-LIKE-DOMAIN are indicated in Table 5 and the
IMGT Collier de Perles is shown in Fig. 8. There are
three N-linked glycosylation sites, two of them are
at conserved positions in human and mouse N4
(A-STRAND) and N84 (D-STRAND). The third
one is at N105 (CDR3-IMGT) in human and at
N118 (G-STRAND) in mouse. The ligand interact-
ing conserved motif 109MYPPPY114 seen in the
CD28 and CTLA4 is not present in ICOS and is
replaced by 109F.DPPPF115 (Fig. 2) which indicates
that the ligand for ICOS is different from those of
CD28 and CTLA4 [18]. Moreover, the FG-LOOP
(CDR3-IMGT) of ICOS is shorter of one (for
mouse) or two (for human) aa than those of CD28
and CTLA4.

4.4. ICOS polymorphism and diseases

Autosomal recessive ICOS deficiency, a form of
common variable immunodeficiency identified in
some patients corresponds to an homozygous
deletion of EX2 and EX3 in the ICOS gene [67].
ICOS is a regulator of Th2 development and
effector function and therefore represents an attrac-
tive candidate for Th2-mediated diseases like
asthma and allergy. It has been shown that the
ICOS gene is polymorphic with the presence of
single nucleotide polymorphisms (SNPs) in the first
intron and in the 30 untranslated region, but no
variation in the coding sequence was detected [68].
Different SNPs were also observed in the 50

untranslated region and in the introns 2, 3 and 4.
Variants in the potential promoter region (�1413
g/a) are significantly associated with allergic sensi-
tization and serum IgE levels [69].

5. PDCD1

5.1. PDCD1 inhibitory receptor

The PDCD1 is functionally similar to CTLA4
and exerts an inhibitory signal on T cell activation
[22,70–72]. The PDCD1 protein is expressed as a
monomer by activated T cells, B cells and myloid
cells, in contrast to the restricted expression of
CD28 and CTLA4 on T cells. PDCD1 lacks the
109MYPPPY114 motif seen in CD28 and CTLA4
and the cysteine in the connecting region (CO).
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Fig. 5. IMGT spliced transcript types for Homo sapiens CD28,

ICOS and BTLA and Mus musculus BTLA. IMGT spliced

transcript A is the complete transcript as deduced from genomic

DNA, the other IMGT spliced transcript types (B to F) result

from alternative splicing that affects EX2 and/or EX3 and/or

EX4. The resulting transcripts lack part or the totality of the

extracellular V-LIKE-DOMAIN [D] and/or part of the totality

of the TRANSMEMBRANE-REGION. Amino acids encoded

by the new codon created by the alternative splicing are shown in

red and between parentheses. A hash (#) indicates a frameshift.

An asterisk (*) indicates a premature stop codon. The lines

connecting the exons are colored according to IMGT splicing

frame type. Purple: splicing frame 1, Blue: splicing frame 0.

(IMGT/Aide-mémoire, http://imgt.cines.fr).
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PDCD1 binds the ligands B7H1 and B7DC with
different affinity [23,70]. The interaction of PDCD1/
B7DC exhibited a 2–6-fold higher affinity and had
different association/dissociation kinetics compared
with the interaction of PDCD1/B7H1 [23]. The
cytoplasmic region of PDCD1 has two immunor-
eceptor tyrosine-based inhibitory motifs (ITIM)
31YxxL34 and 56YxxI59 separated by 21 bp (in
human) or 19 bp (in mouse). The interaction of
PDCD1 with its ligands leads to the phosphoryla-

tion of the tyrosines in the ITIM and to the rapid
recruitment and activation of SHP2 and therefore to
the suppression of the PI3K/AKT activation [71].
This results in the dephosphorylation of down-
stream proteins and to the G0/G1 cell cycle arrest.
The C-terminal ITIM is part of another regulatory
motif what has been described as immunoreceptor
tyrosine-based switch motif (ITSM) with the con-
sensus sequence TxYxx(V/I) [9,73]. The ITSM of
PDCD1 was essential to block B cell receptor
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Fig. 6. IMGT Colliers de Perles and three-dimensional (3D) structure of the Homo sapiens CD28 V-LIKE-DOMAIN. (A) IMGT Collier

de Perles on one layer. (B) IMGT Collier de Perles on two layers (C) 3D structure. (A) and (B) The CD28 V-LIKE-DOMAIN (119 aa)

comprises nine antiparallel beta sheets [6]. Amino acid numeration is according to IMGT unique numbering for V-DOMAIN and

V-LIKE-DOMAIN [6]. Hatched circles correspond to missing positions according to that numbering. Asparagines (N) that belong to

potential N-glycosylation sites are in green (N20, N58, N84, N97 and N120). BC loop (CDR1-IMGT) is in red, C0C00 loop (CDR2-IMGT)

in orange and FG loop (CDR3-IMGT) in purple. IMGT Collier de Perles was obtained from IMGT/3Dstructure-DB [38] (http://

imgt.cines.fr). (C) Ribbon representation was obtained with PyMOL (http://pymol.sourceforge.net/). PDB code and IMGT/3Dstructure-

DB entry ID: 1yjd.
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mediated Ca2+ flux and tyrosine phosphorylation
of downstream effector molecules. A point muta-
tion of the ITIM had little effect on PDCD1
signalling or functional activity. In contrast, muta-
tion of the ITSM abrogated the ability of PDCD1
to block cytokine synthesis and to limit T cell
expansion [73].

5.2. PDCD1 gene exon– intron organization

The PDCD1 gene is localized on chromosome 2
at 2q37.3 in REV orientation and spans 9.8 kb
(9821 bp) [32]. The coding region comprises 864
nucleotides that encode 288 aa. The PDCD1 protein
comprises one extracellular V-LIKE-DOMAIN [D].
The PDCD1 gene is encoded by five exons
(EX1–EX5). The EX1 (76 bp) encodes the L-
REGION (25 aa) followed by an intron of
5,781 bp. EX2 (360 bp) encodes a short HI (6 aa)
and the extracellular V-LIKE-DOMAIN (120 aa)
and is separated by an intron of 267 bp of EX3
(156 bp) that encodes the CO (23 aa), the TM (24
aa) and part of the CY (5 aa). The EX4 (35 bp) and
EX5 (237 bp) separated by an intron of 651 bp

encode most of the CY (12 aa and 79 aa,
respectively). Five human PDCD1 alleles have been
identified. The details of the polymorphisms are
listed in Table 6.

The mouse PDCD1 gene, localized on chromo-
some 1 (1D) in REV orientation, has also five exons
EX1–EX5 [22]. No alleles have been described so far
in mouse. The human and mouse PDCD1 genes
share 70% sequence similarity at the nucleotide
level and 59% identity at the aa level.

5.3. PDCD1 V-LIKE-DOMAIN IMGT Collier de

Perles

The lengths of the strands and loops of the
V-LIKE-DOMAIN are reported in Table 5 and the
IMGT Collier de Perles is shown in Fig. 9. In
contrast to the members of the CD28 family,
PDCD1 only possesses the classical intrachain
disulfide bond [72]. In human and mouse PDCD1,
four N-glycosylation sites are conserved at posi-
tions N18 (B-STRAND), N27 (BC-LOOP),
N48 (C0-STRAND) and N97 (F-STRAND) in the
V-LIKE-DOMAIN.
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Table 5

Lengths of the strands and loops for the V-LIKE-DOMAIN of the CD28 family member (CD28, CTLA4, ICOS) and PDCD1 proteins

IMGT labels V-LIKE-DOMAIN strands and loops CD28 CTLA4 ICOS PDCD1

[D] [D] [D] [D]

Numbering Length [9.9.14] [9.8.13] [5.9.12] [7.6.12]

A-STRAND FR1-IMGT 1–15 15 15 14 (�10) 15 15

B-STRAND 16–26 11 11 11 11 11

BC-LOOP CDR1-IMGT 27–38 12 9 9 5 7

C-STRAND FR2-IMGT 39–46 8 7 (�46) 8 7 (�46) 8

C0-STRAND 47–55 9 9 9 8 (�47) 9

C0C00-LOOP CDR2- IMGT 56–65 10 9 8 9 6

C00-STRAND FR3- IMGT 66–74 9 6 (�72, 73, 74) 6 (�72, 73, 74) 6 (�72, 73, 74) 6 (�72, 73, 74)

D-STRAND 75–84 10 9 (�75) 8 (75, 76) 9 (�75) 8 (�75, 76)

DE-TURN 84A,84B +2

E-STRAND 85–96 12 12 12 12 12

F-STRAND 97–104 8 8 8 8 8

FG-LOOP CDR3- IMGT 105–117 14 (+117.1)a 13 12 (�111) 12 (�111)

G-STRAND FR4- IMGT 118–128 11 10 10 10 10

Total length 128 119 116 112 114

Numbering is according to the IMGT unique numbering for V-DOMAIN and V-LIKE-DOMAIN [6]. The delimitations of the strands

and loops for the V-LIKE-DOMAIN are identical to those of the IG and TR V-DOMAINs [8]. Lengths of the BC (CDR1-IMGT), C0C00

(CDR2-IMGT) and FG (CDR3-IMGT) loops for each V-LIKE-DOMAIN [D] are shown between brackets (and in bold in the coloumn).

Blank cells indicate no amino acids. A plus (+) sign indicates additional positions. A minus (-) sign indicates the absence of amino acids.

IMGT Protein display (amino acid sequences with IMGT numbering) is shown in Fig. 2 and IMGT Colliers de Perles are shown in

Figs. 6–9.
aAdditional aa in CDR3-IMGT of CD28 has been assigned to position 117.1 (instead of 112.1) to maintain an identical numbering for

the motif at the tip of the loop.
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5.4. PDCD1 polymorphism and diseases

A number of susceptibility loci for systemic lupus
erythromatus (SLE) has been suggested in different
populations. Systemic lupus erythematosus suscept-
ibility 2 (SLEB2), one of the susceptibility locus for
Nordic multicase families, and the PDCD1 gene
within this locus, has been considered the strongest
candidate for the disease [74]. Seven SNPs were
identified in the PDCD1 gene within the SLEB2
locus. On the two SNPs which are localized in the

coding region (in EX5), one leads to an aa change
(c174t, A64V ) whereas the second one is silent
(c1774t, A60). The other SNPs are in the noncod-
ing region, one in the promoter (-531 bp upstream
from the translation ATG start site), one in intron 2
(position 6438), one in intron 4 (position 7146) and
another one in the 30 UTR (position 8738) [74,75].
The SNPs in the noncoding regions may disrupt the
binding of transcription factors and lead to the
aberrant regulation of PDCD1, contributing to the
disregulated self-tolerance and to the chronic
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Fig. 7. IMGT Colliers de Perles and three-dimensional (3D) structure of the Homo sapiens CTLA4 V-LIKE-DOMAIN. (A) IMGT

Collier de Perles on one layer. (B) IMGT Collier de Perles on two layers. (C) 3D structure. (A) and (B) The CTLA4 V-LIKE-DOMAIN

(116 aa) comprises nine antiparallel beta sheets [6]. Amino acid numeration is according to IMGT unique numbering for V-DOMAIN and

V-LIKE-DOMAIN [6]. Hatched circles correspond to missing positions according to that numbering. Asparagines (N) that belong to

potential N-glycosylation sites are in green (N88 and N120). An asterisk indicates a polymorphic amino acid (A1224T in CTLA4*02). BC

loop (CDR1-IMGT) is in red, C0C00 loop (CDR2-IMGT) in orange and FG loop (CDR3-IMGT) in purple. IMGT Collier de Perles was

obtained from IMGT/3Dstructure-DB [38] (http://imgt.cines.fr). (C) Ribbon representation was obtained with PyMOL (http://

pymol.sourceforge.net/). PDB code and IMGT/3Dstructure-DB entry ID: 1i85.

V.P. Garapati, M.-P. Lefranc / Developmental and Comparative Immunology 31 (2007) 1050–10721062



Author's personal copy
A
R
TIC

LE
IN

PR
ES

S

Table 6

Homo sapiens CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA genes, alleles and IMGT spliced transcript types

IMGT gene

names

IMGT allele

namesa
Fct IMGT reference sequences Allelic differences

EX Accession

numbersc
Molecule

type

IMGT

spliced

transcript

typeb

Exons Nucleotide positions in Amino acid and codon

positions in

Exons cDNA Exons cDNA

CD28 CD28*01 F EX1–4 M37812–M37815 gDNA A

J02988 cDNA A

(1) B

AF222341 cDNA C

AF222342 cDNA D

AF222343 cDNA E

AJ295273 cDNA F

CTLA4 CTLA4*01 F EX1–4 M74363 gDNA

M37243–M37245

CTLA4*02 AC010138 cDNA A EX2 g3644a 439 A1224T 147

CTLA4*03 AF411058 cDNA A EX1 a494g 49 T174A 17

EX2 g3644a 439 A1224T 147

ICOS ICOS*01 F EX1–5 AJ535718 gDNA A

AJ277832 cDNA A

BC028006 cDNA B

PDCD1 PDCD1*01 F EX1–5 AF363458 gDNA A

PDCD1*02 AY238517 cDNA A EX5 c1774t 804 A59 268

PDCD1*03 BC074740 cDNA A EX2 c1654t 243 A55 81

PDCD1*04 L27440 cDNA A EX3 c494t 484 P174S 162

EX5 c1774t 804 A59 268

PDCD1*05 U64863 cDNA A EX2 c204t 113 S74F 38
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Table 6 (continued )

IMGT gene

names

IMGT allele

namesa
Fct IMGT reference sequences Allelic differences

EX Accession

numbersc
Molecule

type

IMGT

spliced

transcript

typeb

Exons Nucleotide positions in Amino acid and codon

positions in

Exons cDNA Exons cDNA

BTLA BTLA*01 F AJ717664 cDNA A

BTLA*01 DQ198368 cDNA B

BTLA*02 NM_181780 cDNA A EX2 t2734c 306 F91 102

BTLA*03 AK131204 d cDNA A EX2 t2734c 288 F91 96

EX5 t624c 638 L214P 213

BTLA*04 AY293286 cDNA A EX2 g2804a 313 V944M 105

EX3 a104g 412 S44G 138

a404g 442 M144V 148

t1114g 535 C374W 179

EX4 c454t 591 N15 197

EX5 t214c 615 S7 205

a734g 667 T254A 223

a1344g 728 Y454C 243

gDNA: genomic DNA; cDNA: complementary DNA; Fct : Functionality ; EX : exons.
aAlleles are numbered starting from allele *01 that corresponds to the IMGT reference sequence.
bIMGT spliced transcript types for Homo sapiens CD28, ICOS and BTLA are described in Table 4 and displayed in Fig. 5. (1) IMGT spliced transcripts A and B described in PMID:

2162892 and mentioned in M37812-M37815 [48].
cEMBL/GenBank/DDBJ nucleotide accession numbers, except for NM_181780 (Entrez gene, NCBI).
dThere are two potential ATG codons separated by 18 nt (6 aa) in EX1. The mutations are described with the numbering of the largest transcript. Mutations are described according

to the IMGT Scientific chart rules (http://imgt.cines.fr/textes/IMGTScientificChart/). Nucleotide positions, amino acid and codon positions are given in the exons and in cDNA. For

EX2, positions are according to the IMGT unique numbering for V-LIKE-DOMAIN [6].
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Table 7

Mus musculus CD28 family member (CD28, CTLA4, ICOS), PDCD1 and BTLA genes alleles and IMGT spliced transcript types

IMGT gene

names

IMGT allele

namesa
Strain Fct IMGT reference sequences Allelic differences

EX Accession

numbersb
Molecule

type

IMGT

spliced

transcript

typec

Exons Nucleotide positions in Amino acid and

codon positions in

Exons cDNA Exons cDNA

CD28 CD28*01 F EX1–4 AL672024 gDNA A

CD28*01 F M34563 d cDNA A

CTLA4 CTLA4*01 129/SvJ F EX1–4 AF142145 gDNA A

CTLA4*02 F X05719 cDNA A EX3 a884t 544 T304S 182

CTLA4*03 C57BL/

6NCr

F BC052683 cDNA A EX2 a3684g 443 Q1234R 148

ICOS ICOS*01 129/Ola F EX1 EX2–5 AF327184 gDNA A

AF327185

ICOS*02 BALB/c F AF257230 cDNA A EX1 g204a 20 R74H 7

PDCD1 PDCD1*01 F EX1–5 X67914 cDNA A

BTLA [78] BTLA*01 129/SvEv F AY293285 cDNA A

BTLA*02 F BC108964 cDNA A EX2 a1174c 220 N404H 74

BTLA*03 F BC108963 cDNA B EX4 g554a52 517 E19418K 173

BTLA*04 C57BL/6 F AK041334 cDNA B EX2 g14c 121 E14P 41

a24c 122

a144c 134 N54T 45

a204c 140 K74T 47

c364g 156 H124Q 52

t434a 163 W154R 55

g644c 187 E224Q 63

g135F4t 255 W45F4C 85

a135.44g 267 E45.4 89

g133.64a 271 G45.64S 91

t135.64c 273

g251.24a 305 R84.24Q 102

t2704c 330 H90 110

c2974t 357 N99 119

g3804c 428 R1274T 143

Fct: Functionality ; gDNA: genomic DNA; cDNA: complementary DNA.
aAlleles are numbered starting from allele *01 that corresponds to the IMGT reference sequence.
bEMBL/GenBank/DDBJ nucleotide accession numbers.
cIMGT spliced transcript types for Mus musculus BTLA and their characteristics are described in Table 4 and displayed in Fig. 5.
dNucleotide sequence M34563 has a deletion (a5574del#) and an insertion (566^5674ins^c) (SDY187�1894VTT187�189) which most probably result from sequencing or typing

errors. So this sequence is not considered as a new allele. Mutations are described according to the IMGT Scientific chart rules (http://imgt.cines.fr/textes/IMGTScientificChart/).

Nucleotide positions, amino acid and codon positions are given in exons and in cDNA. For EX2, positions are according to the IMGT unique numbering for V-LIKE-DOMAIN [6].
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lymphocyte hyperactivity characteristic of SLE. It
has also been suggested that the PDCD1 poly-
morphism is a genetic modifier of the progression of
multiple sclerosis (MP), possibly due to defect in

PDCD1 mediated inhibition of T cell activation
[75].

6. BTLA

6.1. BTLA inhibitory receptor

BTLA is a third inhibitory receptor expressed by
T lymphocytes. BTLA is a 32 kDa monomer
protein. BTLA is not expressed by naive T cells
but is induced during activation and remains
expressed on T helper type 1 (Th1) and resting B
cells [24]. BTLA binds HVEM, a tumor necrosis
factor receptor family member and this interaction
exerts an inhibitory influence on the T cells [25].
BTLA differs from the CD28 family members
(CD28, CTLA4, ICOS) and from PDCD1 by
having an extracellular C-LIKE-DOMAIN, instead
of a V-LIKE-DOMAIN [9]. As observed in
PDCD1, the BTLA cytoplasmic region contains
two ITIM motifs separated by 21 aa (in both human
and mouse), the most distal one being part of an
ITSM motif [76]. Upon phosphorylation of the
ITIM and ITSM motifs which follows TR cross-
linking on T cells, BTLA associates with the SHP1
and SHP2 phosphatases and attenuates the produc-
tion of IL2 [76,77]. The pattern and position of the
ITIM and ITSM are conserved in mammals and
these motifs are also present in teleosts [9]. In
addition to the ITIM (59YASL62) and ITSM
(84YASI87) motifs, the human BTLA cytoplasmic
region also contains two GRB2 binding sites
28YDN30 and 45YSN47 [76]. Only the proximal
GRB2 motif is present in mouse. The mutational
analysis of the tyrosines of either ITIM (Y59) or
ITSM (Y84) disrupted or reduced BTLA ability to
recruit SHP1 and SHP2 but the mutation of the Y28
of GRB2 motif had no effect [76,77].

6.2. BTLA gene exon– intron organization

The human BTLA gene is localized on chromo-
some 3 at 3q13.2 in REV orientation. The BTLA
gene spans 33.1 kb and comprises five exons
(EX1–EX5) which encodes 289 aa [24] (Table 3).
EX1 (88 bp) encodes the L-REGION (23 aa) and 6
aa of the HI and is followed by a very long intron of
19,501 bp, EX2 (315 bp) encodes 4 aa of the HI and
the V-LIKE-DOMAIN [D] (101 aa) and is followed
by an intron of 8,099 bp. EX3 (144 bp) encodes the
CO (18 aa), TM (26 aa) and 4 aa of the CY and is
followed by an intron 1,407 bp. EX4 (47 bp) encodes

ARTICLE IN PRESS

Fig. 8. IMGT Colliers de Perles of the Homo sapiens ICOS

V-LIKE-DOMAIN. (A) IMGT Collier de Perles on one layer.

(B) IMGT Collier de Perles on two layers. The ICOS V-LIKE-

DOMAIN (112 aa) comprises nine antiparallel beta sheets [6].

Amino acid numeration is according to IMGT unique numbering

for V-DOMAIN and V-LIKE-DOMAIN [6]. Hatched circles

correspond to missing positions according to that numbering.

Asparagines (N) that belong to potential N-glycosylation sites are

in green (N4, N84 and N105). IMGT Collier de Perles was

obtained from IMGT/3Dstructure-DB [38] (http://imgt.cines.fr).
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16 aa of the CY and is followed by an intron of
3374 bp and EX5 (273 bp) encodes the remaining
CY (91 aa).

The mouse BTLA gene is localized on chromo-
some 16 (B5, 29cM) and oriented in FWD orienta-
tion. It comprises six exons (EX1–EX6) and spans
28 kb. The mouse BTLA protein shares 49% aa
identity with the human BTLA protein.

6.3. BTLA C-LIKE-DOMAIN IMGT Collier de

Perles

The BTLA IMGT Collier de Perles shows the
characteristics of a C-LIKE-DOMAIN (Table 8 and
Fig. 10). There is an unusual extension of the C strand
that forms a hairpin loop of 6 aa (positions 45A-45F)
followed by 4 aa that forms a classical transversal CD

ARTICLE IN PRESS

Fig. 9. IMGT Colliers de Perles of the Homo sapiens PDCD1 V-LIKE-DOMAIN and three-dimensional (3D) structure of the Mus

musculus PDCD1 V-LIKE-DOMAIN. (A) IMGT Collier de Perles of the Homo sapiens PDCD1 V-LIKE-DOMAIN on one layer. (B)

IMGT Collier de Perles of the Homo sapiens PDCD1 V-LIKE-DOMAIN on two layers (C) 3D structure of the Mus musculus. (A) ans (B)

The Homo sapiens PDCD1 V-LIKE-DOMAIN (114 aa) comprises nine antiparallel beta sheets [6]. Amino acid numeration is according to

IMGT unique numbering for V-DOMAIN and V-LIKE-DOMAIN [6]. Hatched circles correspond to missing positions according to that

numbering. Asparagines (N) that belong to potential N-glycosylation sites are in green (N18, N27, N48 and N97). BC loop (CDR1-

IMGT) is in red, C0C00 loop (CDR2-IMGT) in orange and FG loop (CDR3-IMGT) in purple. IMGT Collier de Perles was obtained from

IMGT/3Dstructure-DB [38] (http://imgt.cines.fr). For (C) Ribbon representation was obtained with PyMOL (http://pymol.sourceforge.

net/). PDB code and IMGT/3Dstructure-DB entry ID: 1npu.
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strand (positions 45.1–45.4). In addition to the classical
intradomain disulfide bridge between 1st-CYS (posi-
tion 23) and 2nd-CYS (position 104), there are two
additional intradomain disulfide bonds between cy-
steine 1.1 and cysteine 28, and cysteine 44 and cysteine
45F, these last ones maintaining the structure of the
hairpin between the C and CD strands. The number of
disulfide bridges in the mouse BTLA protein is not
constant between alleles. Indeed the BTLA*04 allele
(GenBank/EMBL/DDBJ: AK041334) has the 44–45F
disulfide bridge as in the human BTLA protein whereas
the three other alleles BTLA*01 to BTLA*03 only
have one disulfide bridge as there is a tryptophan
instead of a cysteine at position 45F. The BTLA
C-LIKE-DOMAIN has three N-glycosylation sites in
human (N45B, N85.2, N99) and four N-glycosylation
sites in mouse (N40, N45B, N84.1 and N99), with only
two being at the same positions (N45B in the CD
hairpin loop and N99 in the F-STRAND).

6.4. BTLA polymorphism

Four BTLA alleles have been identified in
humans (Table 6). One alternative spliced transcript

B lacks the TM and encodes a potentially soluble
protein (Table 4, Fig. 5). Transcripts may be shorter
of 6 codons in 50 by the use of an ATG codon
(methionine) located eighteen nucleotides down-
stream of the first ATG in EX1. Mouse BTLA
seems to exhibit both structural and expression
polymorphisms in the different strains. Four alleles
have been identified. The BTLA*01 allele (129/
SvEv) has been found expressed by B cells, T cells
and dendritic cells, but not NK or macrophages
whereas BTLA*04 allele (C57BL/6) is expressed by
macrophages and NK cells [78]. Alleles BTLA*03
and BTLA*04 have been found expressed as
alternatively spliced transcripts coding 305 aa and
generated using an internal in-frame splice site at
the 30 end of EX3 (Table 4, Fig. 5).

7. Conclusion

The CD28 family member (CD28, CTLA4,
ICOS), PDCD1 and BTLA proteins provide key
second signals that can regulate the activation,
inhibition and/or fine tuning of T cell response.
CD28 predominates in regulating the activation of
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Table 8

Lengths of the strands and loops for the C-LIKE-DOMAIN of the BTLA protein

IMGT labels C-LIKE-DOMAIN strands and loops BTLA

Numbering Length [D] [5.10.10]

A-STRAND 1–15 15 16 (+1.1)

AB-TURN 15.1–15.3 +1

B-STRAND 16–26 11 11

BC-LOOP 27–36 10 5

C-STRAND 39–45 7 7

CD-STRAND 45A-45F +10

45.1–45.4

D-STRAND 77–84 8 8

DE-TURN 84.1–84.2 +4

85.1–85.2

E-STRAND 85–96 12 12

F-STRAND 97–104 8 8

FG-LOOP 105–117 13 10

G-STRAND 118–128 11 9

Total length 95 101

Numbering is according to the IMGT unique numbering for C-DOMAIN and C-LIKE-DOMAIN [7]. Positions in italics correspond to

the numbering of the additional positions in BTLA [D]. A complete numbering of the additional positions in C-LIKE-DOMAIN is

described in [7]. BTLA has additional positions 45A-45F at the C-terminal end of the C strand that form a CD beta turn, followed by

positions 45.1–45.4 that form classical transversal strand. Lengths of the BC-LOOP, CD-STRAND and FG-LOOP of the BTLA C-LIKE-

DOMAIN [D] are shown between brackets (and in bold in the column). The BC-LOOP and FG-LOOP corresponds to the CDR1-IMGT

and CDR3-IMGT of a V-LIKE-DOMAIN, whereas the CD-STRAND replaces the C0-STRAND, C0C00-LOOP (CDR2-IMGT) and C’’-

STRAND. Blank cells indicate no amino acids. A plus (+) sign indicates additional positions. The minus (-) sign indicates the absence of

amino acids. IMGT Protein display amino acid sequence with IMGT numbering is shown in Fig. 2 and IMGT Colliers de Perles are

shown in Fig. 10.
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naive T cells, whereas the other proteins seem to be
particularly important in regulating previously
primed T cells rather than antigen-inexperienced T
cells. The aberrant regulation of CD28 family
member, PDCD1 and BTLA proteins may lead to
costimulatory disfunction and play a role in the
initiation, progression and pathogenesis of auto-

immune diseases. The understanding of these path-
ways in immune response will allow intervention in
immune-mediated diseases through precise manip-
ulation of these pathways. Homologs of these recep-
tors are found in all vertebrates, including aves and
fishes [9]. Phylogenetic and sequence analyses may
provide insight into evolutionary relationship of the
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Fig. 10. IMGT Colliers de Perles and three-dimensional (3D) structure of the Homo- sapiens BTLA C-LIKE-DOMAIN. (A) IMGT

Collier de Perles on one layer. (B) IMGT Collier de Perles on two layers. (C) 3D structure. (A) and (B) The BTLA C-LIKE-DOMAIN

(101 aa) comprises seven antiparallel beta sheets [7]. Hatched circles correspond to missing positions according to that numbering.

Asparagines (N) that belong to potential N-glycosylation sites are in green (N45B, N85.2 and N99). The C strand of the BTLA C-LIKE-

DOMAIN has six additional amino acids (45A-45F) which extend into a hairpin loop like structure with a beta turn followed by a strand

of 4 amino acids (45.1–45.4). [5.10.10] refer to the lengths of the BC loop (5 aa) , CD transversal strand (10 aa, 6 for the hairpin loop and 4

for the remaining CD) and FG loop (10 aa). In addition to the classical disulfide bridge 1st-CYS (23) and 2nd-CYS (104) there are two

additional intradomain disulfide bonds between C1.1 and C28 and C44 and C45F. IMGT Collier de Perles from IMGT/3Dstructure-DB

[38] (http://imgt.cines.fr). (C) Ribbon representation was obtained with PyMOL (http://pymol.sourceforge.net/). PDB code and IMGT/

3Dstructure-DB entry ID: 2aw2.
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CD28 family, PDCD1 and BTLA proteins. Precise
IMGT definitions of the sequence alleles and of the
alternative spliced transcripts are highly valuable to
carry such analysis. The IMGT unique numbering
for V-LIKE-DOMAIN and C-LIKE-DOMAIN
provides a meaningful and easy comparison be-
tween domains that belong to different proteins
(CD28, CTLA4, ICOS, PDCD1 and BTLA), and
whatever the species. The IMGT Collier de Perles
allow to bridge the gap between sequences and 3D
structures. Thus rules based on IMGT-ONTOL-
OGY have proven to be crucial for the standardized
description and analysis of the domains of the IgSF
proteins.
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