The T cell surface glycoprotein CD5: a regulatory hub
in T cell signaling

Ana Mafalda da Cunha Santos

Tese de doutoramento em Ciências Biomédicas

2012

Ana Mafalda da Cunha Santos

The T cell surface glycoprotein CD5: a regulatory hub in T cell
signaling

Tese de Candidatura ao grau de Doutor em Ciências
Biomédicas submetida ao Instituto de Ciências
Biomédicas Abel Salazar da Universidade do Porto.
Instituição de Acolhimento: Instituto de Biologia
Molecular e Celular
Orientador – Doutor Alexandre Carmo
Categoria – Investigador Principal e Professor
Associado Convidado
Afiliação – Instituto de Biologia Molecular e Celular e
Instituto de Ciências Biomédicas Abel Salazar da
Universidade do Porto.
Co-orientador – Doutora Alexandra Moreira
Categoria – Investigador Principal
Afiliação – Instituto de Biologia Molecular e Celular e
Universidade do Porto.

Trabalho financiado
pela FCT
(SFRH/BD/30916/2006)
Trabalho
financiado pelae
co-financiado
FCT pelo FSE
no âmbito do POPH doe
(SFRH/BD/38649/2007)
QREN iniciado
a no
co-financiado
pelo FSE
01
de Janeiro
de 2007.
âmbito
do POPH
do

QREN iniciado a 01 de
Maio de 2008.

“Poets say science takes away from the beauty of the stars - mere globs of
gas atoms. I, too, can see the stars on a desert night, and feel them. But do I
see less or more?”
Richard Feynman
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se discriminam:

Bamberger M*, Santos AM*, Gonçalves CM, Oliveira MI, James JR, Moreira A,
Lozano F, Davis SJ, Carmo AM. 2011. A new pathway of CD5 glycoprotein-mediated
T cell inhibition dependent on inhibitory phosphorylation of Fyn kinase. The Journal
of biological chemistry 286: 30324-36
* both were joint first authors
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Nunes RJ, Barbosa RR, Parnes JR, Yu C, Davis SJ, Moreira A, Bismuth G, and
Carmo AM. 2012. CD6 attenuates early and late signaling events, setting tresholds
for T-cell activation. European Journal of Immunology, 42: 195-205.
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Abstract
A sustained and monitored network of molecular interactions of immune-related
receptors and signaling effectors is essential for an effective detection of pathogens
and for the control of the adaptive immune response. A key step in this regulation is
the T cell receptor (TCR) recognition of peptide-MHC complexes expressed on
antigen presenting cells (APC) that involves the formation of a tight cell-cell contact
area, the immunological synapse (IS), where individual proteins are selectively
partitioned. The model of synapse formation predicts an initial stabilization of the
contact by engaged integrins, which anchor the region of the contact and allow the
TCRs to scan MHC-peptide complexes. The T cell surface glycoprotein CD5 is one
of the molecules that targets to the IS upon T cell binding to APC. Nevertheless it
has not been established whether this translocation is due to the binding of a ligand
expressed in the APC or to intracellular interactions with signaling molecules or
components of the cytoskeleton, or both. No physiological ligand for CD5 has been
established, which has significantly delayed progress in the determination of its role
within the formation and maintenance of the immunological synapse and T cell
activation. In this work we have dissected the molecular mechanisms that control the
localization of CD5 in the IS and the role of CD5 in T-cell activation. We have,
investigated and analyzed the molecular requirements for these functions, such as
the involvement of extracellular/ intracellular domains in these processes, as well
identifying the signaling intermediates that have a role in transducing the signals
initiated by CD5 at the cell surface. Our results suggest that, notwithstanding a role
for the extracellular domain binding to an elusive APC-expressed ligand, a major
mechanism for regulation of CD5 translocation and role in T cell activation is
dependent on molecular interactions established by the CD5 cytoplasmic tail.
Moreover, we have defined an alternative pathway of signaling inhibition mediated by
CD5, involving the active phosphorylation and repression of the Fyn protein tyrosine
kinase in T cells.

i

Sumário
Para o controlo do sistema imune adaptativo e para uma detecção e resposta
efectiva a patógeneos é essencial uma rede de interacções moleculares sustentada
e monitorizada. Um passo determinante nesta regulação é o reconhecimento dos
complexos peptido-MHC, expressos à superfície da célula apresentadora de
antigénio (APC), pelo receptor da célula T (TCR). Este reconhecimento compreende
a formação de uma zona de contacto entre as duas células, denominada de sinapse
imunológica (IS), onde várias proteínas são selectivamente relocalizadas. O modelo
para a formação da sinapse prevê uma estabilização inicial da zona de contacto
baseada no recrutamento de integrinas que fortalecem a região de contacto e
permitem que os TCRs identifiquem os respectivos complexos péptido-MHC. O
CD5, uma glicoproteína expressa à superfície da célula T, é uma das várias
moléculas que relocalizam na IS formada quando a célula T encontra a APC. No
entanto ainda não ficou esclarecido se esta translocação se baseia na ligação do
CD5 a um ligando expresso à superfície da APC, se em interacções intracelulares
da parte citoplasmática do CD5 com moléculas sinalizadoras ou componentes do
citoesqueleto, ou em ambas as hipóteses. O facto de ainda não se ter descoberto e
caracterizado o ligando fisiológico do CD5 tem dificultado o progresso numa melhor
compreensão do seu papel em todo o processo de formação e manutenção da
sinapse imunológica bem como na activação da célula T. Neste trabalho tentamos
dissecar os mecanismos moleculares responsáveis pela localização do CD5 na IS e
compreender o seu papel na activação da célula T analisando os requisitos
moleculares

destes

processos

tais

como,

o

envolvimento

dos

domínios

extracelulares/intracelulares do CD5 na sua migração para a IS após interacção
célula T-APC, bem como os intermediários de sinalização com um papel na
transducção de sinais iniciados pelo CD5 à superfície da célula T. Os nossos
resultados sugerem que, não pondo de lado a influência de uma possível ligação do
domínio extracelular do CD5 a um potencial ligando expresso na APC, o papel do
CD5 na activação da célula T é dependente de mecanismos reguladores baseados
em interacções moleculares estabelecidas pelo cauda citoplasmática do mesmo. Por
outro lado, definimos aqui uma nova via de inibição mediada por CD5 e que envolve
a fosforilação e repressão de Fyn, uma proteína cinase com um papel relevante na
sinalização em linfócitos T.
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General Introduction

General Introduction
1. The immune system

1.1. Overview of the immune system
The magnificence of human nature still has some hidden secrets and incomprehensive
wonders. One of those is the immune system and all that it comprises.
The immune system has the ability of being in constant alert in order to protect our
body against the billions of microorganisms that we are constantly exposed to, such as
bacteria, viruses or parasites. The net of complex mechanisms used to protect and
eliminate these organisms is based on the system’s capability to detect special features of
the invaders that can distinguish them from the host. A key feature of the immune
response is the capacity to neutralize pathogens without damaging own tissues and
organs (Chaplin, 2003).
The immune response in mammalians can be broken down into two classically
well-defined categories, the innate and the adaptive immune responses. The innate
immune response is the first to act upon the detection of an invading pathogen, and is
now accepted to be the most ancient evolutionary part of the mechanisms of defense of a
host organism (Janeway and Medzhitov, 2002). Although relying on a limited panel of
receptors for the detection of invading pathogens, the innate response is known to highly
increase the immediate and effective protection conferred by anatomic and physiological
barriers (Turvey and Broide, 2010).
In addition to this first line of defense, a new type of response has emerged
throughout evolution, the adaptive immune response, which tends to express itself
temporally after the innate response in the protection of the host organism. The adaptive
immune response (also known as acquired immune response) is based on a specialized
group of cells, the lymphocytes, which hold the unique characteristic of having receptors
that are tremendously variable to the point that each individual lymphocyte can recognize
a distinct antigen. Thus, opposing to the reduced number of pathogen receptors present
in the innate immune system, the adaptive immune system has the ability of generating
an extremely large lymphocyte receptor repertoire capable of recognizing all potential
invading pathogens (Pancer and Cooper, 2006).
As the whole of the immune system relies on so many different mechanisms in order
to protect and effectively destroy the immense panoply of infectious microbes, it is crucial
that it also creates mechanisms to avoid recognition and destruction of its own cells and
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tissues. These mechanisms are vital since the failure of self-tolerance will lead to
autoimmune diseases (Chaplin, 2006).

1.2. The innate immune response

Although the adaptive immune response is dependent on T and B lymphocytes, many
other cell types with intrinsic innate immune functions, such as macrophages, dendritic
cells, mast cells, neutrophils, eosinophils, natural killer (NK) cells, and NK T cells (Turvey
and Broide, 2010), are fundamental for the function of lymphocytes.
Innate immunity is also known as pattern recognition, and is not totally nonspecific
as it is based on the detection of unique molecular structures in the microorganisms. This
recognition relies on proteins that are encoded in the germ line, the pattern-recognition
receptors (PRRs) (Fearon and Locksley, 1996; Janeway, 1989)
The PRRs target the pathogen-associated molecular patterns (PAMPs). Despite
the given name, these PAMPs are associated not only with pathogenic but also with nonpathogenic

microorganisms.

PAMPs

are

usually

molecules

essential

for

the

microorganism to survive and therefore unlikely to be altered (Medzhitov, 2007), and they
can be found as components of fungal and bacterial cell-wall components, !-glucan,
peptidoglycans and lipopolysaccharides. PRRs have the advantage of being constitutively
expressed in the host and of having the ability to detect pathogens at any given life-cycle
stage. Specific PAMPs can be recognized by different PRRs, which activate particular
signaling pathways (Akira et al., 2006).
These receptors can have different characteristics and are usually divided into
three classes of proteins, secreted, trasmembrane or cytosolic proteins (Palm and
Medzhitov, 2009). The secreted PRRs are mainly associated with the activation of the
complement system, allowing phagocytosis of pathogens by macrophages and
neutrophils (Iwasaki and Medzhitov, 2010). Toll-like receptors (TLR) and C-type lectins
are the best-known transmembrane PRRs. TLRs are the main responsibles for the
discrimination between self and non-self, having a cell specific expression profile, and
besides their role in the activation of innate immunity they are also important in the
development of adaptive immunity (Akira and Takeda, 2004; Beutler and Rietschel, 2003).
All members of the three classes of PRRs have fine-tuning roles in the recognition of
PAMPs that in the end will dictate the initiation of inflammation (Medzhitov and Janeway,
1997).
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1.3. The adaptive immune response

Differing from the innate immune response at the level of specificity, the adaptive immune
response is based on a broad repertoire of antigen receptors that are expressed
differentially in specific cells and that arise from somatic diversification. There are two
main types of cell that mediate the adaptive response, T and B lymphocytes, commonly
referred to as T and B cells. They respectively express distinct cell surface antigen
receptors responsible for the recognition of specific non-self antigens, the T-cell receptor
(TCR), an heterodimer consisting of an ! and a " chains (or # and $ in a small subset of T
cells) and the B-cell receptor (BCR), surface immunoglobulin composed by two heavy
(IgH) and two light (Ig% or Ig&) chains, covalently linked together (Cooper and Alder,
2006),. Whereas the BCR recognizes soluble or membrane bound structured antigens, in
the case of the TCR the antigens are small peptides that are presented by the major
histocompatibility complex (MHC), a highly polymorphic membrane-bound protein
complex widely expressed in nucleated cells that has the capacity to bind almost any
peptide and present it to the TCR.
The variable antigen recognition domains of TCRs and BCRs are encoded by
small germline gene segments, variable (V), diversity (D) and joining (J), and the random
joining of these DNA sequences (VDJ recombination) generates a enormously diversified
repertoire of 1012-1018 receptors that increase the probability of any antigen being
recognized (Schatz and Ji, 2011). To avoid the expression of undesirable self-reactive
receptors it is important that B and T cells undergo a tight process of maturation. Although
both cell types derive from a common precursor in the bone marrow, they mature in
distinct places, namely B cells in the bone marrow and T cells in the thymus (Nossal,
1994).
The recombination activating genes, RAG-1 and RAG-2, encode for lymphocytespecific enzymes that are pivotal during VDJ recombination. These enzymes cleave and
join the germline-encoded DNA sequences, having an important role in the rearrangement
of these genes (Oettinger et al., 1990; Schatz et al., 1989). Other enzymes also play a
role in this recombination, such as terminal deoxynucleotidyl transferase (TdT), that is
responsible for the randomly addition of base pairs to V, D and J segments that further
increase the variability (Komori et al., 1993). Although the variable part of the TCR! (and
$) chain results from VDJ recombination, the same is not true for TCR" (or #) that arises
from only V and J assembly. Likewise the variable domain of the BCR IgH is rearranged
from V, D and J segments whereas the light chains contain only V and J sequences.
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The gene rearrangements of the BCR heavy-chain and TCR! (or $) are achieved
before those of the BCR light-chain and TCR! (or #) are initiated. Nevertheless, through a
highly regulated process, the only receptors expressed at the cell surface are the paired
ones. In an early stage a pre-TCR" or an invariant surrogate light-chain, precursors of
TCR" and light-chain, are transiently expressed to pair with TCR! and heavy-chain,
respectively. This is a safety step, as it ensures that only the cells with successful V(D)J
recombination will be selected with posterior location at the lymphoid organs where the
variety of receptors previously generated will be the basis for scanning for the presence of
pathogens.

1.4. Interrelation of the innate and the adaptive immune responses

What seemed to be a two-sided independent mechanism of action for years, it is now
clear that the innate and adaptive responses are complementary processes. Moreover, it
cannot be determined whether the innate response to pathogen infection will dictate a full
activation of adaptive immunity (Fearon and Locksley, 1996; Medzhitov and Janeway,
1998).
In an initial phase,pathogens are identified, uptaken and processed by dendritic
cells through innate mechanisms such as elements of the PRRs. This recognition
regulates cytokine production, MHC presentation and costimulatory molecule expression
in the antigen-presenting cell (APC) that lead to an efficient activation of naïve CD4 or
CD8 T cells (Medzhitov, 2007; Medzhitov and Janeway, 1997). Moreover, TLR signaling
is related with the secretion of type I interferon that is known to enhance and maintain T
cell responses (Iwasaki and Medzhitov, 2004).
There are two types of cells that are implicated in both innate and adaptive
immunity, the natural killer T cells (NKT) and the #$ T cells. The NKT cells identify and
neutralize potential pathogens without previous activation, they display the special feature
of being capable of detecting and responding even in the absence of expressed MHC
molecules, they eliminate the cellular target and produce cytokines that give rise to other
mechanisms of the immune response (Moretta, 2002). Also shared by innate and
adaptive response, there are the #$ T cells, which express a different form of TCR
complex, substituting the "! chains by #$ chains. This subset of T cells has specific
properties of innate immunity that includes NK cell-mediated cytotoxicity (Maniar et al.,
2010) and phagocytosis (Wu et al., 2009), unlike T and B lymphocytes (Fig. 1).
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REVIEWS
Adaptive Immunity

Innate Immunity
Innate immunity
(rapid response)

Adaptive immunity
(slow response)
Dendritic cell

Mast cell

B cell

Macrophage
!" T cell

T cell

Natural
killer cell

Basophil

Complement
protein
Natural
killer T cell

Eosinophil

Antibodies
CD4+
T cell

Granulocytes

CD8+
T cell

Neutrophil

Figure 1 | The innate and adaptive immune response. The innate immune response functions as the first line of defence against
infection. It consists of soluble factors, such as complement proteins, and diverse cellular components including granulocytes
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controls, mice with impaired interferon-! (Ifn-!) function had an increased susceptibility to the polycyclic
hydrocarbon methylcholanthrene, as measured by a
higher frequency of tumour formation and a shorter
period of tumour latency27–29. IFN-!, a cytokine that is
produced by T cells, NK cells, NKT cells and, to a lesser
extent, DCs and macrophages, was previously shown to
mediate pleiotropic effects in the innate and adaptive
response to infection30. A comparable sensitivity to carcinogens was detected in mice that are deficient in Ifn-!,
Ifn-! receptor (Ifn-!r) or Stat1, a transcription factor
that is crucial for Ifn-! signalling. Mice that lacked the
p40 subunit of interleukin (Il)-12 and Il-23, two
cytokines that stimulate Ifn-! production, and mice that
lacked NKT cells, a key source of Ifn-!, also developed
more tumours in response to chemical carcinogens than
normal mice 31.
The mechanisms by which IFN-! deficiency promotes
increased tumour formation are probably multifactorial
and include attenuated control of target-cell growth and
apoptosis, increased angiogenesis and impaired wound

inducing ligand (Trail) similarly manifested an increased
susceptibility to methycholanthrene treatment32–37.
Moreover, tumours from immunodeficient hosts, but
not immune competent hosts, were efficiently rejected
after transplantation into wild-type animals, revealing an
increased sensitivity of the tumours to cell-mediated
recognition and cytotoxicity by the immune system of
wild-type animals32.

2. Elements of T lymphocyte recognition

Immunodeficiency and spontaneous tumours. To test
whether host immunity could also suppress spontaneous cancers, several investigators delineated
the incidence of tumours in aged immunodeficient
mice (TABLE 1). Smyth and colleagues reported
that perforin-knockout and, to a greater extent, perforin / Ifn- ! double-knockout mice succumbed to
disseminated lymphomas 38,39. Analogous to the
chemically induced tumours from immunodeficient
hosts, these neoplasms were readily eliminated following transplantation into wild-type mice through a
mechanism that involved CD8 + T cells. Similarly,

2.1. The TCR/CD3 complex
IMMUNOGENICITY

The ability of an antigen or

The
majority of T lymphocytes, 90-95%, express a surface receptor TCR/CD3
vaccine togreat
stimulate an immune
response.

complex composed of disulfide-linked TCR "- and !-chains that are non-covalently bound
NATURE REVIEWS | C ANCER

VOLUME 4 | JANUARY 2004 | 1 3

to CD3$% and CD3#% heterodimers and to a CD3&& (CD247) homodimer. The "- and !chains are composed of two IgSF domains, of which one if the variable domain that
results from V(D)J recombination and the other is a constant domain, a transmembrane
region and a short cytoplasmic domain (Garcia et al., 1996; Hedrick et al., 1984). The
stabilization of the interactions between the different chains relies on electrostatic charge
interactions happening in the transmembrane region (Call et al., 2002; Call and
Wucherpfennig, 2007).
The extracellular domains of TCR subunits, CD3$% and CD3#%, are also important
in the assembly of the whole complex, likely to form non-covalent interactions through
specific motifs (Xu et al., 2006) and the immunoglobulin superfamily domains (Kuhns and
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Davis, 2007; Kuhns et al., 2006). Despite the information available for individual subunit
structure of the TCR/CD3 complex, such as of "! antigen receptors, CD3$%, CD3#% and
CD3&& (Call et al., 2006; Kjer-Nielsen et al., 2004; Kuhns et al., 2010; Sun et al., 2004),
there is still lacking of the structure of the complete complex to clarify how these parts
come together and collaborate towards the recognition of different antigens and initiate
the signaling response pathway. Nevertheless, the expression of all the components of
the complex is indispensable for its assembly and expression at the cell surface (Brenner
et al., 1985; Samelson et al., 1985).
Although it is still unknown how the interactions are established between the TCR"!
and the extracellular regions of CD3$% and CD3#%, the recognition of the peptide-MHC
(pMHC) complexes by the TCR"! chains has been extensively described (Malissen,
2003). The "- and !-chains do not comprise intracellular signaling motifs, therefore the
signals that arrive from TCR recognition of pMHC are initiated by the CD3 chains that are
associated with the TCR"!. The CD3 chains contain in their intracellular region specific
peptide sequences that are responsible for the initiation of the signaling cascade; these
regions are called ITAMs (immunoreceptor tyrosine-based activatory motif) and share a
consensus sequence [DE]xxYxx[LI]6-12Yxx[LI] (Reth, 1989). The Src-family kinases are
responsible for the phosphorylation of the two tyrosine residues that are comprised in
each ITAM, which become signaling docking motifs for proteins containing Src-homology
2 (SH2) domains (Chan et al., 1992; Isakov et al., 1995; Weiss and Littman, 1994). In
total, each TCR complex contains ten ITAMs, one in each CD3#, $ and % subunits and
three in each CD3& subunit (Love and Hayes, 2010; Pitcher and van Oers, 2003). Studies
where ITAMs are individually deleted revealed that although their sequence holds a high
degree of similarity, each ITAM has a distinct and predominant role in signaling
transduction (Holst et al., 2008). All these findings unravel the importance and complexity
of structures and processes involved in T cell development and activation.

2.2. The major histocompatibility complex

For the TCR to be able to recognize the peptides from invading pathogens, these
peptides need to be presented in the context of an MHC class-I or class-II (Garcia et al.,
2009; Zinkernagel and Doherty, 1974) molecule. MHC class-I and class-II molecules are
similar in terms of structure and both contain a peptide binding region formed by a !-sheet
surrounded by two "-helices (Madden, 1995), nevertheless there are some important
differences to accentuate. Whilst MHC class-I is present in all nucleated cells, MHC class-
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II is only expressed by professional APCs. Furthermore, MHC class-II has the capacity to
present longer peptides (at least 13 residues) when compared with the 8-10 residues
peptides presented by MHC class-I (Madden et al., 1992; Stern et al., 1994). The great
majority of MHC molecules at cell surface are peptide-bound, which indicates the
dependence of this ligation for the stabilization of MHC (Madden, 1995).
Regarding the origin of peptides to be presented to T cells, there are two main
reservoirs: the cytosol, where viruses and bacteria replicate, and also where self-proteins
are produced; and the endosome/lysosome system, that allows the decomposition of
phagocytosed extracellular pathogens into small parts, including peptides that are later
presented. The origin of the antigens defines the MHC class responsible for the
presentation, which emphasizes the distinct role of these complexes in the immune
response. The MHC class-I molecule presents the peptides from the cytoplasmic
repertoire while MHC class-II is responsible for the peptides that arrive from the
phagocytic system. The presentation and origin of the antigen will determinate the type of
response.
In more detail, the structure of MHC class-I comprises an "-chain, containing two
membrane distal and one membrane proximal extracellular domains, a transmembrane
domain and a short cytoplasmic sequence, and a second polypeptide chain, !2microglobulin, which has no transmembrane region (Bjorkman et al., 1987). The MHC
class-II is slightly different comprising an "- and a !-chains, each having a membrane
distal and a membrane proximal domain (Brown et al., 1993), a transmembrane sequence
and a short cytoplasmic tail,
The binding of the peptide to the MHC molecule is crucial for the stabilization of
the complex. In MHC class-I molecules, loading of the peptide happens in the
endoplasmic reticulum (ER), where a specific molecule, transporter associated with
antigen processing (TAP), imports the peptides and allows the assembly of pMHC
complexes (Heemels and Ploegh, 1995; Townsend and Bodmer, 1989). When a non-self
peptide is presented by MHC class-I molecules in a given cell, this gives an indication to
the immune system that this cell has been infected, and that it should (and will) be
eliminated by cytotoxic (CD8+) T cells, whose TCRs specifically recognize peptides in the
context of MHC class-I molecules (Raghavan et al., 2008; Townsend et al., 1986).
The cellular expression of MHC class-II is more restricted. Only cells with efficient
and effective mechanisms of internalization of antigens, such as phagocytes, dendritic
and B cells, express MHC-II molecules and present antigens to helper (CD4+) T cells
(Pieters, 2000; Unanue, 1984). The proteins from the invading microorganism are
digested in the endosome/lysosome compartment, with cells expressing a broad variety of
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these proteases, i.e. cathepsins, which tend to be more expressed upon initiation and
activation of the immune response (Shi et al., 1999; Villadangos et al., 1999).

2.3. Balancing kinases and phosphatases

One of the key features that regulates T cell activation and dictates the outcome of T cell
response is the balance between phosphorylated and non-phosphorylated tyrosine
residues. For the initiation of signal transduction, phosphorylation of specific tyrosine
residues present in TCR/CD3 ITAMs is fundamental. The T cell specific Src-family
kinases (SFKs), namely Lck and Fyn, are known to phosphorylate CD3 ITAMs. Upon
ITAM phosphorylation, the Syk-family kinase ZAP-70 is activated and functions as the key
effector that links the TCR-pMHC recognition with downstream signaling events (Lowell,
2011). This signaling set up is intimately associated with the action of protein tyrosine
phosphatases (PTP) that is indispensable to maintain the balance between resting and
activated T cells (Mustelin et al., 2005).
Upon TCR triggering the first elements to be involved are the SFKs. This family of
protein tyrosine kinases (PTK) is characterized by having a well-conserved structure. All
members of the family (Src, Hck, Fyn, Blk, Lyn, Fgr, Yes, Yrk and Lck) contain five
functional domains, arranged as follows: an SH4 domain, responsible for targeting Src
kinases to the cell membrane; a unique domain, which is specific for each Src kinase [for
example, it is through the unique domain of Lck that the interaction with CD4 and CD8 is
established, forming zinc clasps (see section 2.5) (Barber et al., 1989; Kim et al., 2003;
Veillette et al., 1988)]; an SH3 and an SH2 domains, which mediate protein-protein
interaction and regulate the the kinase’s own activity (Yadav et al., 2009); and a catalytic
domain (SH1), responsible for the enzymatic activity of the kinase. There are two main
regulatory tyrosine residues of SFKs, one located at the kinase domain and the other in
the C-terminal region; these residues have very distinct roles, as while the tyrosine
present in the kinase domain induces activation (Y394 in Lck and Y420 in Fyn), the Cterminal tyrosine residue (Y505 in Lck and Y531 in Fyn) is inhibitory; upon
phosphorylation of the C-terminal tyrosine, the kinase activity is downregulated (Fig.2).
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interactions that create an inducible ‘snap lock’, which is dependent on interdomain hinge regions as well. On dephosphorylatio
of the C-terminal tyrosine by the CD45 phosphatase, the adaptor domains are released and result in activation of the kinase.
b | Recruitment of negative effector molecules to their substrates. In unstimulated T cells, raft-associated PAG/CBP is
constitutively tyrosine phosphorylated and associates with the SH2 domain of CSK, bringing CSK into close proximity to its
substrates (SRC-family PTKs) at the plasma membrane. Following TCR stimulation, PAG/CBP is dephosphorylated, resulting
in the release of CSK from the membrane and relieving SRC-family kinases from CSK phosphorylation-mediated inhibition.
Evidence also indicates that PAG/CBP might also regulate CSK activity independently of its ability to recruit CSK to lipid rafts.
c | Regulation of protein stability. CBL family members regulate protein ubiquitylation and protesome-dependent degradation
by functioning as an E3 ligase. The RING-finger domain associates with E2 ubiquitin-conjugating enzymes, whereas the amino
terminal tyrosine kinase-binding (TKB) domain recognizes tyrosine-phosphorylated substrates, such as ZAP70 or RPTKs.
So, one model for CBL function indicates that CBL functions as a negative regulator of signalling pathways by promoting the
ubiquitylation of important signalling molecules and their subsequent degradation by the proteasome complex. Note, evidence
supporting this model for CBL-mediated PTK degradation is clear for receptor PTKs, but remains less conclusive for ZAP70 in
T cells. GEMs, glycolipid-enriched membrane microdomains; Y, phosphorylatable tyrosine residue.

The protein tyrosine kinase responsible for the specific phosphorylation of the C-

terminal tyrosine on Lck and Fyn (Y505 and Y531 respectively) is Csk (C-terminal Src
kinase). Csk is a cytoplasmic 50 kDa molecule with kinase activity, whose overexpression
has been associated with a reduction of TCR-induced tyrosine phosphorylation and a
decrease of IL-2 production (Bergman et al., 1992; Chow et al., 1993; Okada et al., 1991).

Biochemical analysis and crystal structure of members of the Src family have

provided clues on how C-terminal inhibitory tyrosine phosphorylation works on its
inactivation (Sicheri et al., 1997; Xu et al., 1999; Xu et al., 1997). Upon phosphorylation of

Lck Y505 or Fyn Y531, the SH2 domain of these molecules binds to this C-terminal
phosphotyrosine, gaining a “close conformation” (Fig.2, left panel). This conformation

allows the establishment of the association of the SH3 domain with the linker segment
between SH2 and the kinase domain through a PxxP motif present in the linker. Linker
NATURE REVIEWS | IMMUNOLOGY
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segments of Src-family kinases are important modulators
of the Magazines
kinase Ltd
activity, as was
© 2001 Macmillan
recently reported (Alvarado et al., 2010). The “closed conformation” prevents both an
accessible phosphorylation of the activatory tyrosine, Y394 for Lck and Y420 for Fyn, and

also the substrate binding by the SH2 and SH3 domains. With the phosphorylation of
Y394 or Y420 (Lck and Fyn respectively) the kinase acquires an “open conformation” in
which the SH2 and SH3 domains are readily available for substrate binding and the
catalytic site is available to recognize the substrate and bind ATP (Fig.2, right panel)
(Yamaguchi and Hendrickson, 1996). Recently, it has been suggested that Lck could
undergo multiple states rather than just the “closed” and “open” conformations,
corresponding to inactive or active states (Nika et al., 2010), clarifying some views on the
balance of resting versus activated cells.
The Syk family of PTKs is also important in the T cell activation context. ZAP-70,
which is a key element in the initiation of downstream signaling progressing from the TCR
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triggering, comprises in its structure two SH2 domains and a C-terminal kinase domain.
Differently from the Src family, ZAP-70 does not possess an SH3 domain. In fact, the two
tandem SH2 domains are connected by a linker region, interdomain A, and the kinase
domain is connected to the tandem SH2 domains by interdomain B (Chan et al., 1992;
Wang et al., 2010). The two SH2 domains are pivotal pieces in T cell activation,
recognizing simultaneously the two phosphorylated tyrosine residues in the ITAMs of the
TCR complex. The binding of the SH2 domains of ZAP-70 to the CD3 chains leads to
ZAP-70 activation. For total efficiency, in each TCR/CD3 complex ten ZAP-70 molecules
are activated (ten ITAMs per complex). Exactly how ZAP-70 activation occurs is still not
completely understood, however two pairs of tyrosine residues were reported to be
essential for the whole activation process. Located in the interdomain B, Y315 and Y319,
are phosphorylated upon ZAP-70 recruitment, being the phosphorylation of these
residues assigned to Lck or even to ZAP-70 autophosphorylation (Brdicka et al., 2005; Di
Bartolo et al., 1999; Pelosi et al., 1999; Williams et al., 1999). The other pair of tyrosines,
Y492 and Y493, whose localization lies in the activation loop of the kinase domain
(Brdicka et al., 2005; Chan et al., 1995; Watts et al., 1994). The former pair, Y315/Y319,
has been implicated in the interaction of the interdomain B with the kinase domain, further
stabilizing the inactive form of ZAP-70, which is disrupted upon docking, leading to an
active form of the enzyme (Deindl et al., 2007; Szabo et al., 2012).
TCR signaling involves a complex net of protein interactions being the protein
tyrosine kinases Lck, Fyn, ZAP-70 and Csk determinant in the induction of the signaling
cascade. Nevertheless, the action of PTKs is closely related with that of protein tyrosine
phosphatases (PTP). Important phosphatases expressed in T cells include PEST domain
enriched tyrosine phosphatase (PEP), Src homology region 2 domain-containing
phosphatases -1 and 2 (SHP-1 and SHP-2), the transmembrane tyrosine phosphatases
CD45 and CD148, and also the lipid phosphatase PTEN.
CD45 is a widely expressed molecule, found in all leukocytes (Hermiston et al.,
2003), and it can represent 10% of all molecules that are expressed at cell surface
(Trowbridge and Thomas, 1994). Structurally, CD45 is composed of a cytoplasmic tail that
comprises two tandem PTP domains. Although both domains are indispensable for CD45
to exert its phosphatase activity, only the membrane proximal domain has catalytic
activity. The extracellular region of CD45 is extremely long and highly glycosylated, both
N- and O-glycosylation. Different isoforms of CD45 are described, but all of them have
four membrane proximal domains, three fibronectin-like domains and a cysteine-rich
domain (Desai et al., 1993). The eight isoforms that arise from alternative splicing are
differentially expressed in specific cell types. Whilst the shortest isoform is mainly express
in memory and helper cells, the longer isoform prevalence lies on naïve T cells. Inclusion
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or exclusion of exons upon alternative splicing of CD45 Is still under discussion and so are
the mechanisms that lead to preferential expression of alternative splicing key modulators
upon T cell activation (Tong et al., 2005).
CD45 counteracts the function of Csk through the dephosphorylation of the Cterminal inhibitory tyrosine of Src-kinases, leading to an increase of SFK activity (Mustelin
and Altman, 1990; Zikherman et al., 2010). On the other hand, CD45 is responsible for the
dephosphorylation of the positive regulatory tyrosine residue, limiting the kinase’s catalytic
activity (D'Oro and Ashwell, 1999; Hermiston et al., 2009). CD45 also dephosphorylates
CD3& ITAMs (Furukawa et al., 1994). Despite all the information on the mechanisms of
CD45 regulation, there are pieces still missing in the puzzling contribution of this
phosphatase during T cell activation early events.
Together with CD45, intracellular phosphatases influence the activation equilibrium
of T cell. PEP dephosphorylates the activatory tyrosines of Lck (Y439) and Fyn (Y420).
PEP association with the SH3 domain of Csk has been reported and suggests that the
PEP-Csk association is required for the inhibitory function of Csk, thus regulating SFK
activity (Cloutier and Veillette, 1996, 1999; Gjorloff-Wingren et al., 1999; Veillette et al.,
2009).
PTEN is a relatively recently described molecule (Li et al., 1997). PTEN was
demonstrated to dephosphorylate the phospholipid products of PI3-kinase activity,
phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns(3,4,5)P3), and other 3- phosphorylated
phosphoinositides (Maehama et al., 2001). PTEN is a promising phosphatase for the
understanding of tumor suppression and other associated diseases (Tamguney and
Stokoe, 2007).
SHP-1 and SHP-2 also hold important roles in T cell function. Both SHP-1 and SHP2 comprise two SH2 domains, responsible for binding to immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), in their N-termini, a central catalytic domain, and a C-terminal
region with tyrosine phosphorylation sites (Poole and Jones, 2005). Both SH2 domains
are indispensable for localization and activity of the phosphatases (Neel et al., 2003). In a
resting T cell, the catalytic domain is bound to the N-terminal SH2, leading to an inhibited
state of the phosphatase (Hof et al., 1998). Binding to the substrate through SH2 domains
activates the phosphatase. Knockout mice for SHP-1 revealed a hyperresponse of
thymocytes and peripheral T cells to TCR stimulation, which highlighted the inhibitory role
of SHP-1 in TCR signaling (Pani et al., 1996). Dephosphorylation of the activatory tyrosine
of Lck and of ZAP-70 has been attributed also to SHP-1 activity (Brockdorff et al., 1999;
Chiang and Sefton, 2001).
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Although it is well accepted that PTKs and PTPs are essential during T cell signaling
initiation and regulation, the exact role and complete mechanisms of action are still yet to
be unveiled. Their role in disease is under investigation and new findings are constantly
emerging for a better understanding on this complex balancing.

2.4. Adaptor proteins

Adaptor proteins are undoubtedly major players in most signaling pathhways. Despite not
possessing any catalytic activity, adaptor proteins are indispensable for the assembly of
the proteins acting as important scaffolds. Adaptor protein can be divided in two main
groups: the cytoplasmic adaptor proteins (CAPs), which include among others Grb2, Gads
and SLP-76, and the transmembrane adaptor proteins (TRAPs) represented by LAT,
PAG, TRIM and others.

2.4.1. LAT, linking signaling molecules
The linker for activated T cells (LAT) is a transmembrane adaptor protein that was first
described by Zhang and colleagues as having a cytoplasmic tail with tyrosine residues
that could be phosphorylated by PTKs upon TCR engagement (Zhang et al., 1998a). LAT
is a 36 kDa protein whose importance became obvious upon analysis of LAT-/- mice,
which totally lack the periphery T lymphocytes and have a compromised thymic
development leading to lymphoproliferative disorders (Mingueneau et al., 2009; Zhang et
al., 1999b). A structural characteristic of LAT is the existence of palmitoylation sites shown
to be important for its TCR-dependent tyrosine phosphorylation and to dictate its
constitutive localization within lipid rafts (Lin et al., 1999; Zhang et al., 1999a; Zhang et al.,
1998b).
Upon TCR engagement, ZAP-70 phosphorylates the tyrosine residues of LAT,
allowing the docking of numerous SH2 domain-containing molecules. The association of
molecules like growth factor receptor-bound protein 2 (Grb2), phospholipase C-#1 (PLC#1), IL2-inducible T cell kinase (Itk) and PI3K induce downstream signaling pathways
(Zhang et al., 1998a; Zhang et al., 2000). SH2-domain containing leukocyte-specific
phosphoprotein (SLP-76), a member of the CASP family has been indicated as a “coworker” of LAT responsible for recruitment of pivotal signaling effectors. Grb2-related
adaptor downstream of Shc (GADS) is another adaptor that is known to bind to LAT and
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moreover to hold this indirect association of LAT and SLP-76 (Asada et al., 1999; Liu et
al., 1999; Zhang et al., 2000).
Recruitment of these molecules starts a dense puzzling cascade of signals
essential for activation and later proliferation of T cells. For this reason LAT is a major
piece in this puzzle, acting as a central adaptor protein linking immediate TCR triggering
with downstream pathways.

2.4.2. PAG-Csk, an inhibitory duet
Adaptor proteins can also function as signal attenuators. This negative regulation is based
on sequestration of signaling effectors, either by increasing proximity of negative effector
molecules to their substrate or by moving away positive effectors from activating
complexes. A good example is the phosphoprotein associated with glycosphingolipidenriched domains (PAG) also known as Csk-binding protein (CBP). PAG/CBP is a
ubiquitously expressed member of the TRAP family with a molecular weight of 68-85 kDa.
PAG/CBP comprises a very long cytoplasmic tail containing ten tyrosine residues, two
SH3 domain-binding sites and a palmitoylation site, responsible for its constitutive
localization in lipid rafts. The ezrin/radixin/moesin-binding phosphoprotein 50 (EBP-50) is
known to interact with the C-terminal region of PAG/CBP, linking PAG/CBP with the actin
cytoskeleton (Brdickova et al., 2001; Chen et al., 2009; Itoh et al., 2002).
In resting T cells, PAG/CBP is constitutively tyrosine phosphorylated and
associated with Csk through its SH2 domain. Dictating the co-localization of Csk and other
raft-associated SFKs has been proposed as a mechanism to maintain these kinases in an
active state, with Csk phosphorylating the C-terminal inhibitory tyrosine of SFKs. Upon
TCR triggering, PAG/CBP is dephosphorylated through a still unclear mechanism
(Davidson et al., 2003), and this dephosphorylation promotes the release of Csk and the
activation of SFKs (Fig.3A).
Some authors have also proposed an important role for Fyn in the PAG-Csk
interaction. Shown to associate with PAG/CBP through both its SH2 and SH3 domains,
Fyn phosphorylates Y317 of PAG, residue responsible for Csk recruitment. This
recruitment leads to the phosphorylation of the C-terminal inhibitory tyrosine of Fyn that
promotes dissociation of Fyn from PAG/CBP and later inactivation (Solheim et al., 2008a;
Solheim et al., 2008b).
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2.4.3. Cbl, an ubiquitin kind of way
A new mechanism of negative regulation of T cell arised from the characterization of cCbl, a proto-oncogene that functions as an adaptor protein. Cbl comprises a tyrosine
kinase-binding domain and a RING-finger domain in its N-terminal region. The tyrosine
kinase-binding (TKB) domain is a phosphoprotein recognition domain but very distinct
from an SH2 domain (Meng et al., 1999). The RING-finger domain is responsible for
enhancing enzymatic activity through binding of E2 ubiquitin-conjugating enzymes
(Joazeiro et al., 1999).
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a ubiquitin ligase, functions as a negative regulator of T cell activation by ubiquitynation of signaling
effectors and their subsequent degradation in the proteasome complex. (Image taken from
(Koretzky and Myung, 2001))

2.5. Coreceptors and signaling accessory receptors

For the initiation and regulation of T cell activation, an orchestrated action of a variety of
molecules is essential. The recognition of the cognate peptide expressed in the APC by
the TCR is rather specific but not enough for complete activation and later proliferation.
Among others, costimulatory molecules as well as inhibitory molecules are indispensable
for an equilibrated response to prevent autoimmunity. Accessory signaling receptors in the
T cell acting with their counter receptors in the APC include, CD4-pMHC class II, CD8pMHC class I, CD28-CD80/CD86, and CTLA-4-CD80/CD86, among others.

2.5.1. CD4 and CD8
T lymphocytes can differentiate in specific types of effector cells. The most striking
difference arrives from the selective expression of one of the coreceptors, CD4 or CD8. T
cells that express CD4 differentiate into helper T cells, Th, while expression of CD8 leads
to the differentiation into cytotoxic T cells. Tc. The role of cytotoxic T cells is focused on
the elimination of infected cells through the recognition of a cognate peptide in the context
of the MHC by the TCR. This action takes place with the release of lytic granules that
induce apoptosis in the infected cells. On the other hand, helper T cells are divided in
three subsets of effector cells with different functions. Whereas Th1 cells activate and
recruit to the specific site of infection phagocytic cells, Th2 cells protect the epithelial
barriers recruiting eosinophils, basophils, mast cells and macrophages. Lastly, , a recently
described subset, Th17, is composed of cells that are believed to enhance the phagocytic
activity of the adaptive immune response.
Both CD4 and CD8 are not expressed in very early developmental stages, double
negative thymocytes (CD4-CD8-), and although later on CD4 and CD8 are co-expressed
in the so called double positive thymocytes (CD4+CD8+), these will end their development
as single positive cells, the Th subset expresses CD4 whereas Tc cells express CD8,.
Structurally, CD4 comprises an extracellular region containing four Ig-like domains,
a transmembrane region and a short cytoplasmic tail (Maddon et al., 1985; Wu et al.,
1997). The four Ig-like domains are arranged in two duplicated V-C2 sets, with the
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junction point of these units having an important role in the binding of CD4 to its ligand,
MHC class-II, mediated by the CD4 membrane distal domains (Vignali et al., 1996; Wu et
al., 1997). Historically seen as a monomeric protein, there has been the suggestion that
CD4 adopt may adopt a dimeric form (Maekawa et al., 2006; Moldovan et al., 2006). The
short cytoplasmic tail of CD4 is responsible for associating with the N-terminal domain of
Lck, forming “zinc clasps” with specific cysteine residues of Lck (Kim et al., 2003). The
stable interaction with Lck and the recruitment of CD4 binding to pMHC promotes the
increased phosphorylation of the ITAMs of TCR/CD3 and subsequent initiation of
signaling transduction.
Unlike CD4, CD8 is known to be a dimeric protein at the T cell surface. Also a
member of the IgSF, it can be expressed as either a disulphide-linked CD8"" homodimer,
,or as a CD8"! heterodimer (Zamoyska, 1994). Although reported to be expressed in both
"! and #$ T cells, as well as in NK cells, CD8"" is poorly expressed when compared with
CD8"!, widely express in "! T cells. The two chains, "- and !-, share high homology,
however CD8"" is not able to substitute for the CD8"! function. CD8 binds the "3 domain
of MHC class-II with very low affinity, and has been shown to form the same “zinc clasps”
as CD4, in the interaction with Lck (Kim et al., 2003; Wyer et al., 1999)
The precise functions of CD4 and CD8 are still not fully established, some authors
defending that these coreceptors enhance the signals from the TCR by bringing Lck close
to the TCR-pMHC complex (Janeway, 1992), while others postulate that coreceptors have
a structural function in the stabilization of of the TCR-pMHC interaction (Xu and Littman,
1993). Recent studies by Jiang and colleagues provide evidence that TCR signaling is
initiated by Lck phosphorylation previously to the recruitment of the CD8 coreceptor. CD8
is then recruited and amplifies TCR triggering by promoting the stabilization of TCR-pMHC
interactions (Jiang et al., 2011).

2.5.2. CD28 vs CTLA-4
Besides the TCR-pMHC interaction, for the effective activation of a T lymphocyte there
are required costimulatory signals arriving from the interaction of molecules expressed in
the T cell with counter receptors expressed at the APC. The T cell surface molecule CD28
interacts with CD80 and CD86, expressed at the surface of professional APCs. Signals
derived from CD28 engagement are believed to enhance and sustain the signaling
initiated by the TCR recognition of the cognate peptide in the context of the MHC (Jenkins
et al., 1991; Michel et al., 2001).
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CD28 is a disulfide-linked homodimer, with each subunit consisting of an
extracellular V-type Ig-like domain, a transmembrane sequence and a highly conserved
cytoplasmic domain (June et al., 1994). Although each CD28 chain contains a binding site
for the counter receptors, the interaction between CD28 and either CD80 or CD86 is
monovalent (Greene et al., 1996).
Like many other receptors, CD28 signaling depends on the phosphorylation of
specific tyrosine residues present in its cytoplasmic tail. Upon phosphorylation of these
specific motifs, SH2-domain containing proteins are recruited, and this signals the
beginning of the intracellular cascade. Among CD28-dependent recruited molecules
(Watanabe et al., 2006) there is PI3K, which promotes the activation of other important
enzymes like Itk and PLC-#1 (Cai et al., 1995; Prasad et al., 1994). Although the role of
PI3K has been extensively studied and linked with TCR signaling, it is known that its
activity is also augment by CD28, leading to potent signaling and stronger T cell activation
(Boomer and Green, 2010). Another striking feature of costimulation with CD28 is the
production of cytokines like IL-2 that have a remarkable important role in lymphocyte
growth, proliferation and differentiation (Cantrell and Smith, 1984).
Interestingly, some receptors of the CD28 family may share a similar structure but
nevertheless display a completely antagonist role. This is the case of the cytotoxic T
lymphocyte associated protein-4 (CTLA-4) that exerts an inhibitory effect during T cell
activation. CTLA-4 is also a type 1 glycoprotein of the immunoglobulin superfamily with a
single IgV-like domain in its extracellular region where the ligand-binding site is located
(Brunet et al., 1987; Ostrov et al., 2000). Despite the shared homology between CD28
and CTLA-4, whereas CD28 increases T cell activation, CTLA-4 is responsible for its
attenuation (Krummel and Allison, 1995; Riha and Rudd, 2010). In resting T cells CTLA-4
is not expressed at the cell surface. An activation-dependent mechanism then allows that
CTLA-4, originally present in intracellular vesicles, is transported to the cell surface
through the fusion of the vesicles with cell membrane (Valk et al., 2008). CTLA-4 shares
the same two ligands, CD80 and CD86, with CD28 once it is exposed at the surface. This
competitive interaction is dominated by the superior affinity of CTLA-4, that once bound to
CD80/CD86 prevents the binding of CD28, in this way attenuating the activatory signals
promoted by the co-stimulatory molecule. Although the molecular mechanisms behind the
inhibitory role of CTLA-4 are not fully established, some indications are becoming
available. Schneider and colleagues observed that CTLA-4 promotes T cell motility,
limiting the time for the interaction between T cells and APCs (Schneider et al., 2008).
Another suggestion came from Qureshi and co-workers that proposed a new mechanism
of trans-endocytosis, with CTLA-4 capturing CD80/CD86 from the APC surface and
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inducing their degradation inside the T cell, thus impairing CD28 co-stimulation (Qureshi
et al., 2011).
The understanding of the dual role carried out by the CD80/CD86 interaction with
CD28 versus CTLA-4 is a promising aim with a view in the development of new
therapeutic strategies, currently being extensively investigated (Pentcheva-Hoang et al.,
2009).

2.5.3. CD5
CD5 is a 67-kDa type I glycoprotein composed of three extracellular Scavenger Receptor
Cysteine-rich (SRCR) domains in the extracellular region that was shown to have an
important role in the monitorization of T cell responses (Lozano et al., 2000). Expression
of CD5 has been reported in thymocytes, mature peripheral T cells, and also in a subset
of mature B cells (B-1a cells) (Antin et al., 1986; Thomas et al., 1984). CD5 appears early
in thymocyte development, being considered as one of the first surface markers of
committed T cells. The level of CD5 surface expression in developing thymocytes, as well
as in mature T cells, parallels the avidity of the TCR/MHC-ligand interaction (Azzam et al.,
1998). Recently CD5 has been shown to establish homotypic interactions (Brown and
Lacey, 2010). Concerning potential ligands expressed in APCs, CD5 was reported to
interact with different surface molecules including CD72 (Van de Velde et al., 1991), gp4080 (Biancone et al., 1996), gp150 (Calvo et al., 1999), and IgV(H) framework region
sequences (Pospisil et al., 2000). Nevertheless, all these interactions have not been
independently confirmed. The cytoplasmic tail of CD5 is highly conserved containing
multiple Ser/Thr and Tyr phosphorylation sites, including two potential immuno-tyrosinebased inhibition motifs (ITIMs) (Jones et al., 1986). Although initial studies of antibodymediated cross-linking had characterized CD5 as a co-stimulatory molecule in T cells,
capable of enhancing TCR-mediated cell proliferation (Ceuppens and Baroja, 1986b;
June et al., 1987), the current view is that CD5 is a major attenuator of signals arising
from the engagement of the TCR with cognate antigen/MHC complexes expressed on
APCs.
The generation of mice deficient in CD5 clearly revealed an inhibitory role for CD5,
conferring an hyperresponsive phenotype to thymocytes and peripheral T cells when they
are stimulated through their TCR (Pena-Rossi et al., 1999; Tarakhovsky et al., 1995). It
has been shown that the inhibitory function of CD5 in TCR signaling during thymocyte
development is dependent on the functional integrity of the CD5 cytoplasmic domain, as a
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transgene encoding a mutant form of the protein lacking the double-tyrosine motif and
distal sequences failed to rescue the CD5-/- phenotype (Azzam et al., 1998).
Thymocytes from mice with a disrupted CD5 gene and bearing an !"TCR transgene
exhibit increased proliferative responses and enhanced phosphorylation of signaling
effectors such as LAT, PLC#1 or Vav, in response to TCR stimulation. Similarly, CD5deficient B-1a cells exhibited increased Ca2+ mobilization and proliferative responses
(Bikah et al., 1996). However, the function of CD5 in development, particularly during
thymocyte selection, remains unclear. Although double positive thymocytes from CD5deficient mice are hyper responsive to TCR antigen stimulation, CD4 or CD8 single
positive thymocytes or mature T cells are not measurably different from cells of wild-type
animals, suggesting that the inhibitory role of CD5 may be selective for different types of
cell, or be dependent of the maturation stage (Pena-Rossi et al., 1999; Tarakhovsky et al.,
1995). The dynamic regulation of CD5 expression during thymocyte selection, which
correlates with the avidity of the TCR, may be involved in fine-tuning TCR signaling during
thymocyte selection (Azzam et al., 1998), in this way, perhaps, maximizing positive
selection.
The cytoplasmic domain of CD5 contains four tyrosine residues (at positions Y378,
Y429, Y441 and Y463), three of which are potentially embedded into known tyrosinebased phosphorylation motifs. Y378 is within an immunoreceptor tyrosine-based inhibitory
motif (ITIM) and the amino acid sequence encompassing Y429 and T Y441 resembles an
immunoreceptor tyrosine-based activatory motif (ITAM). Upon TCR triggering, residues T
Y429 and Y462 are phosphorylated with very rapid kinetics (Burgess et al., 1992;
Dennehy et al., 2001; Vila et al., 2001), with the protein tyrosine kinases Lck, Fyn and Itk
playing major roles in these phosphorylation events (Bamberger et al., 2011; Castro et al.,
2003; Dennehy et al., 2001; Vila et al., 2001).
One hypothesis that explains the inhibitory biochemical effects of CD5 involves
SHP-1. CD5 has been reported to associate with SHP-1 in Jurkat T cells, murine
thymocytes and B-1a cells (Carmo et al., 1999; Perez-Villar et al., 1999; Sen et al., 1999).
CD5 also associates with CD2 at the surface of T cells, and this association may enhance
the inhibitory function of CD5 through the induction of the activity of SHP-1 (Carmo et al.,
1999; Castro et al., 2002; Teh et al., 1997). In addition to SHP-1, other signaling
molecules are likely to associate with the cytoplasmic tail of CD5, potentially conferring
additional negative regulatory activity on CD5, including RasGAP, Cbl and PI3-kinase
(Dennehy et al., 1998; Dennehy et al., 1997; Sen et al., 1999).
Our recent studies had demonstrated the existence of a parallel mechanism by
which CD5 may exert his inhibitory effect. Upon CD5 ligation the phosphorylation of the
negative regulatory tyrosine of Fyn (Y531) (Peters et al., 1990) increases leading to
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considerable reduction in its kinase activity by which Fyn, and also Lck, are known to
dictate T cell activation. This effect that relies on the distal part of the CD5 cytoplasmic tail
is directly associated with a decrease in ZAP-70 phosphorylation and consequent
activation, probably due to the disassembly of C-terminal Src kinase (Csk)-PAG-Fyn
complexes during T cell activation (Bamberger et al., 2011). This finding opens doors to
the possibility of new signaling or adaptor proteins interacting with CD5 and somehow
regulating the inhibitory role in T cell activation.
Shown to localize to different human and murine IS with very fast kinetics
(Brossard et al., 2003; Gimferrer et al., 2003), CD5 is also known to exert its inhibitory
effect at the synapse, without impairing its formation, through its pseudo- ITAM. This
effect is augmented with the increase in the level of CD5 expression at the membrane
(Brossard et al., 2003).

2.5.4. CD6
Also belonging to the SRCR-SF, CD6 is a type I glycoprotein with a very similar structure
to CD5.

Known to mediate T cell-APC contacts, CD6 is expressed primarily by

thymocytes and mature T cells, but it can also be found in some B cells and in some cells
of the brain. The extracellular region of CD6 is composed of three SRCR domains,
followed by a transmembrane segment and an unusually long cytoplasmic tail (Aruffo et
al., 1991). Interestingly, CD6 is a molecule often associated with splicing events (Bowen
et al., 1997). Numerous CD6 cytoplasmic isoforms generated by alternative splicing have
been reported (Robinson et al., 1995a; Robinson et al., 1995b; Whitney et al., 1995a), but
with no specific physiological function been attributed so far.
Unlike CD5, CD6 has a well-described interaction with a known counter receptor,
ALCAM/CD166. The molecular basis of the CD6/CD166 interaction has been extensively
characterized (Aruffo et al., 1997). CD166 is a widely expressed protein with five Ig-like
domains, of which the N-terminal domain binds to the membrane proximal domain of CD6
(Bowen et al., 1996; Whitney et al., 1995b). The accumulation of CD6 at the contact zone
upon IS formation is dependent on this interaction with CD166 (Castro et al., 2007;
Gimferrer et al., 2004).
The ultimate function of CD6 has not been deciphered yet, but initial data
suggested a role in T cell activation and differentiation. An involvement of CD6 in
thymocyte maturation was also suggested (Patel et al., 1995). Antibody-mediated CD6
cross-linking enhanced T cell proliferation, pointing towards a co-stimulatory function for
this accessory protein (Bott et al., 1993; Gangemi et al., 1989; Osorio et al., 1994). On the
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other hand, the expression of CD6 in T cells has been shown to limit their responsiveness
(Hassan et al., 2006) and a correlation of CD6 expression in thymocytes with resistance to
apoptosis (Singer et al., 2002) implied some inhibitory signaling properties for the receptor
cytoplasmic tail.
Being a molecule already associated with human inflammatory responses, such as
multiple sclerosis (MS) (De Jager et al., 2009), and with anti-CD6 IgM Abs already in use
in clinical trials for MS patients (Hafler et al., 1986), it is of great importance to unveil the
signaling pathways by which CD6 regulates T cell activation.
TCR triggering induces CD6 tyrosine phosphorylation, likely to promote
interactions with SH2 domain containing molecules essential in signaling pathways upon
T cell activation (Wee et al., 1993). Interestingly, when analyzing the cytoplasmic tail of
CD6 we find different binding sites for SH3 domain containing intracellular mediators
(Robinson et al., 1995a). Among the wide panel of SH2 and SH3 motif containing
molecules, CD6 was shown to associate with Lck, Fyn, ZAP-70 and Itk (Castro et al.,
2003). Moreover and emphasizing the determinant role of CD6 in T cell activation
regulation, it was shown to interact with SLP-76, which is an important positive regulator
of T-cell activation (Hassan et al., 2006), and also with the scaffolding protein syntenin-1,
probably important in the coupling of CD6 with other signaling effectors and even the
cytoskeleton (Gimferrer et al., 2005).
In addition to all this outlined intracellular associations, CD6 had also been
reported to interact with receptors at the T cell surface through its extracellular domain.
The example is the interaction with its family member, CD5 (Castro et al., 2003; Gimferrer
et al., 2003). As pointed already, CD5 and CD6 share a very similar structure and are
believed to have an overlapping effect in the process of repertoire selection (Pena-Rossi
et al., 1999). More clues on the cooperation of these two molecules in T cell activation
arrive from the discovery that stimulation of T cells with an anti-CD6 mAb lead to an
increase in the phosphorylation pattern of CD5 tyrosine residues (Castro et al., 2003).
During a long period, CD6 was thought to be a costimulatory receptor due to
experiments where Abs were used to induce the cross-link of CD6 with the TCR (Castro
et al., 2003; Gangemi et al., 1989; Osorio et al., 1994). This way of T cell activation raised
some questions on the real role of CD6 during T cell activation, given that coaggregation
of CD6 with the TCR might artificially induce phosphorylation of CD3 ITAMs by the CD6associated kinases Lck and Fyn, promoting signaling. An example of this kind of
misunderstanding is CD5 that was originally thought to be costimulatory in similar
situations (Ceuppens and Baroja, 1986a; Imboden et al., 1990) but later on proven to
inhibit T cell activation (Tarakhovsky et al., 1995). An indirect way by which CD6 might be
affecting the regulation of T cell activation is through its binding to CD166. Shown to be a
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strong interaction (Hassan et al., 2004) it is potentially responsible for increasing cellular
adhesion enhancing T cell responses.
Our recent findings suggest that CD6 can indeed be an attenuator of T cell
activation. Its contribution to the signal amplitude is dependent on the level of expression
at the cell surface and not on its interaction with CD166 or translocation to the IS (Oliveira
et al., 2012). More specifically, we have shown that an increase in the levels of expression
of CD6 in T cells reduces calcium responses as well as late events such as cytokine
secretion and T cell proliferation.

3. T lymphocyte activation

3.1. Overview of T cell-APC interactions

In an always challenging environment, T cells have to develop very efficient mechanisms
to confer the needed protection against all kinds of pathogens and associated antigens. It
all starts when a T cell meets an APC in the context of the lymph node (Szakal et al.,
1989). Professional APC, like dendritic cells, have the ability to capture pathogens in
different places, cross epithelial barriers and present them to T cells when reaching the
lymph nodes. The first contact between the two cells relies on the adhesion molecules
that both cells express. These molecules mediate weak, although specific, interactions
that allow T cells to scan the surface of the APC in order to recognize an agonist pMHC.
Antigen recognition is achieved due to the existence of the TCR, which identifies small
peptides that are presented in the context of APC-expressed MHC molecules. TCRs have
the capacity of discriminating them in a pool of self-pMHC displayed at the APC surface
(Smith-Garvin et al., 2009).
As indicated above, T lymphocytes need more than just the TCR signal that arises
from the recognition of the antigen presented. Costimulatory signals are essential for the
complete activation of T cell (Michel et al., 2001; Sharpe, 2009). The signal generated by
TCR recognition of pMHC, together with signal derived from the interaction of CD28 with
CD80/CD86 will induce the full activation of the T lymphocyte.
The spatiotemporal regulation of T cell activation has been outlined to focus on
different receptors, adaptors, and kinases present in TCR microclusters (Bunnell et al.,
2002; Saito and Yokosuka, 2006). In an early stage on T cell activation, TCRs form these
microclusters at the contact zone between the T cell and the APC. The formation of only a
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few microclusters is sufficient to increase intracellular concentration of calcium,
suggesting that they are responsible for the induction of activatory signals at an initial
contact, as well as in a later stage for activation maintenance (Purtic et al., 2005; Varma
et al., 2006; Yokosuka et al., 2005).
Lck and Fyn are responsible for TCR/CD3 ITAM phosphorylation (Smith-Garvin et
al., 2009; Weiss, 1993). However, ITAM phosphorylation by SFKs signaling pathway is
not exclusive of the TCR complex, as other co-receptors are known to signal in the same
way (Davis and van der Merwe, 2006). A key element in the initiation of signaling
transduction is the protein kinase ZAP-70, whose SH2 domains dock onto the
phosphorylated ITAMs of CD3 (Wange et al., 1993). Activation of ZAP-70 initiates the
signaling cascade that lead to an effective immune response (Weiss and Littman, 1994).
The main substrates of ZAP-70 in these early steps of T cell activation are LAT and SLP76 (Zhang et al., 1998a). Upon LAT phosphorylation other signaling molecules are
recruited, such as PLC-#1, PI3K, Grb2 and GADS (Malissen and Marguet, 2011). Later,
with the assembly of this net of interactions, cytosolic calcium increases, the MAPK
signaling pathway is initiated and NF-&B and NF-AT transcription factors activated, which
will determine the fate of T lymphocyte (Fiering et al., 1990; Mittelstadt et al., 2005).
The failure of this tightly regulated system imposes huge consequences such as
autoimmunity, allergies, and chronic infections. With this level of importance the puzzling
mechanism of T cell activation has been the central topic of research for many
investigators (Acuto et al., 2008).

3.2. The immunological synapse

T-cell receptor recognition of peptide-MHC expressed on antigen presenting cells involves
the formation of a tight cell-cell contact area. In this area, diverse structural changes take
place, promoted by a dynamic action of the actin cytoskeleton that allows the
rearrangement in the distribution of cell membrane resident molecules. The contact zone
was named the immunological synapse (IS) as it has some similarities with the wellknown neuronal synapse (Grakoui et al., 1999; Monks et al., 1998).
During immunological synapse formation, integrins anchor the region of contact
and this allows TCRs to scan pMHC complexes and recognize them. Mature synapses
are favored by interactions of small auxiliary molecular pairs such as CD2-CD58 (Davis
and van der Merwe, 1996) and CD28-CD80 that stabilize the cell contact and cluster at a
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tight membrane region, segregating larger glycoproteins like CD43 or CD45 (Shaw and
Dustin, 1997).
In early studies, the IS was defined as a specialized structure that, upon activation,
would have its protein segregated into two well-defined areas. In the center of the contact
zone between the two cells there was the formation of a central supramolecular activation
complex (c-SMAC), where the TCR, the CD4 and CD8 coreceptors, the CD28
costimulatory receptor and CD2 adhesion receptor can be found (Lin et al., 2005). These
molecules are just a part of a complex network and are associated with many other
molecules. Encircling the c-SMAC, a more peripheral supramolecular activation complex,
the p-SMAC, contains integrins like LFA-1 that bind ICAM-1 on the APC (Marlin and
Springer, 1987; Springer et al., 1987), and tyrosine phosphatases such as CD45.
Currently, the term refers to a more diverse range of structures that present an
accumulation of TCR and related signaling molecules. Moreover, several studies show
diverse synapse morphologies and suggest that T cells can be activated in the absence of
cSMAC formation (Saito and Yokosuka, 2006). An example is given by immature
CD4+CD8+ thymocytes that form a decentralized synapse with multi-focal TCR clusters
and do not form a cSMAC (Hailman et al., 2002).
The reorganization in the distribution of T cell molecules happens within minutes of
TCR/CD3 activation in response to TCR triggering (Lee et al., 2002). This rearrangement
is an actin-driven process that functions with actin attaching to proteins and driving them
into the center of the IS (Krummel and Davis, 2002). Right after recognition of pMHC, the
TCR was shown to form around 100 microclusters that gather together and head to the cSMAC (Campi et al., 2005; Yokosuka et al., 2005). The small clusters that form at the
periphery of the SMAC will be responsible to initiate and sustain TCR signaling (Varma et
al., 2006). By fusion of the microclusters, the c-SMAC is formed and TCR signaling
attenuated. At this stage, the internalization and posterior degradation of TCRs and other
signaling receptors is also initiated as a mechanism of control and attenuation of T cell
activation. Besides, it is also at the c-SMAC that secretion of cytokines occurs (van Der
Merwe and Davis, 2002).
It has already been established that TCR signaling is initiated long before cSMAC
formation and it was hypothesized that the cSMAC was involved in sustaining signaling.
By contrast, some researchers have shown that early phosphorylation of Lck and ZAP-70
occurs in the peripheral region of the contact area and before the formation of a mature IS
in normal T cells (Lee et al., 2002). The first suggestion that T cell activation can be
augmented in the absence of cSMACs came from studies using T cells from mice
deficient in CD2AP. These T cells do not form cSMACs and show a defective TCR downregulation (Lee et al., 2003). The authors suggest that the cSMAC acts as an adaptive
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3.3. TCR triggering
Despite all the knowledge on T cell signaling pathways, elements with a signaling effector
role and regulation of gene expression, researchers still focus their interest in unveiling
the pivotal question on TCR triggering, how exactly the recognition and binding of the
TCR to a cognate pMHC leads to tyrosine phosphorylation of the TCR/CD3 ITAMs. Many
different models have been proposed, and based on the type of molecular mechanism in
which the model relies we can divide them into aggregation, conformational change and
molecular segregation models.
TCR triggering aggregation models rely on the induced activation through receptor
aggregation (Smith-Garvin et al., 2009). There are some examples of receptors that are
triggered upon dimerization or oligomerization (Cunningham et al., 1991; Majeti et al.,
1998; Ullrich and Schlessinger, 1990; Weiss and Schlessinger, 1998). TCR triggering
through aggregation could be due to an increase in Lck TCR-associated molecules
leading to activation of receptor by trans-autophosphorylation (Cooper and Qian, 2008), or
to conformational changes of the cytoplasmic domain of the TCR complex. Artificial
stimulation with soluble antibodies or multimeric forms of pMHC promotes aggregation
that induces TCR triggering, nevertheless the low surface expression of the agonist pMHC
and the ability of triggering TCR with a single agonist pMHC ligand has questioned
whether aggregation of the TCR is verified or if the low affinity of the TCR-pMHC and the
low surface density of pMHC precludes the aggreagation-dependent triggering (Sykulev et
al., 1996). The coreceptor heterodimerization model is dependent on the binding of
coreceptors, CD4 and CD8, to the same pMHC as the TCR. Binding of CD4 or CD8 to the
TCR-pMHC complex would recruit Lck, which is bound to the coreceptors, to the close
proximity with the TCR/CD3 ITAMs, leading to an increase in TCR phosphorylation. Other
observations support TCR triggering in the total absence of coreceptors, indicating that
even if enhancing it, homodimerization of coreceptors is not essential for TCR triggering
(Locksley et al., 1993; Schilham et al., 1993).
The pseudodimer model circumvents some of the issues raised by the previous
described models. It proposes that to promote TCR triggering, aggregation is held by the
presence of self-pMHC molecules that along with antagonist pMHC molecules are
recognized by the TCR. A pseudodimer is formed by the interaction of the coreceptors
that oame along with the TCR bound to the self-pMHC, with the agonist pMHC complex.
Another molecular mechanism that supports several TCR triggering models is the
conformational change modle. These models account for the low surface expression of
agonist pMHC complex at the APC. Even though the complete structure of assembled
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TCR complexes is not solved yet, the models that are based on conformational changes
focus the attention on portions of TCR-CD3 complex. These models try to explain how
structural modifications of TCR-CD3 subunits can lead to TCR triggering, and can be
further divided in those that focus on extracellular domains of TCR and CD3, and those
that address the CD3 cytoplasmic domains.
Also popular are the conformational change models. To highlight the principles
supporting these models, two possibilities are illustrated. The first is based on
conformational changes occurring in the CD3 cytoplasmic tails that bend towards the
plasma membrane after the TCR-pMHC interaction. Evidence that the extracellular region
of CD3 is a rigid structure and that specific mutations of CD3% abolish T cell activation
supports this model. However, it is still not clear how the “piston-like” conformational
change will trigger the TCR (Martinez-Martin et al., 2009; Sun et al., 2001). A further
model defends that pulling of the TCR-pMHC complex promotes rearrangements in the
structure of TCR/CD3 ectodomains and transmembrane domains. These conformational
changes would allow clustering of multiple TCR/CD3 complexes together enhancing TCR
triggering.
A different concept was introduced in the kinetic-segregation model (KS model). In
general lines, this model is based on a spatial reorganization of the molecules present at
the cell surface that would lead to induced phosphorylation of TCR/CD3 ITAMs (Davis and
van der Merwe, 2006). Structure analysis of the contact zone formed between the T cell
and the APC upon TCR recognition of pMHC reveals that this is a tight zone with about 15
nm spacing between cell membranes. Strikingly, the extracellular region of most
membrane PTPs (e.g. CD45 and CD148) is longer than 15 nm (Lin and Weiss, 2003;
Springer, 1990a).
Treating T cells with a phosphatase inhibitor, pervanadate, induces T cell
activation, with an increase in protein tyrosine phosphorylation, including of the TCR/CD3
subunits (O'Shea et al., 1992). If the artificially induced inhibition of PTPs promotes T cell
activation, one conclusion is that possibly in a resting state the T cell maintains basal
levels of dephosphorylated molecules due to the action of PTPs over PTKs. All together
these findings drove the postulates of the KS model. When and APC encounters a T cell,
and the pMHC expressed by the APC is recognized by the TCR, a close contact zone is
formed between the two cells. This tight zone drives the exclusion of molecules with large
extracellular domains, e.g. PTPs, reducing the phosphatase activity in that region. The
exclusion of PTPs changes the equilibrium between phosphatases and kinases, allowing
an increase in phosphorylation, namely of TCR/CD3 complexes, ultimately resulting in
TCR triggering (Choudhuri et al., 2009; Choudhuri et al., 2005). Like other models, also
the KS model is not completely solved, the pitfall in this model being whether CD45 is also
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excluded of contact zones in the initial interaction between T cell and APC or not.
Basically, although phosphatase exclusion enhances TCR triggering it is still unclear
whether it is sufficient to induce the process (schematic review in Fig.5).
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Figure 5. TCR triggering models. A and B. Aggregation models. In the co-receptor
heterodimerization model (A), a co-receptor is responsible for allowing Lck to be in close proximity
with the TCR/CD3 ITAMs by binding to the MHC. In the pseudodimer model (B), a dimer is formed
when a self-pMHC and an agonist pMHC bind adjacent TCRs, and the co-receptor brought by the
TCR-self-pMHC pair engages the agonist pMHC. C and D. Conformational change models. A
piston-like conformation (C) is adopted by the TCR/CD3 complex upon mechanical effects of
pMHC binding, leading to a conformational change in the CD3 cytoplasmic domains. The induced
clustering model (D) allows an increase in kinase activity targeting the TCR/CD3 ITAMs. E. The
kinetic segregation model postulates that inhibitory tyrosine phosphatases aresegregated from the
close-contact zone formed between T cells and APCs upon TCR binding to pMHC, enhancing
phosphorylation of the TCR/CD3 ITAMs. (Image adapted from (van der Merwe and Dushek, 2011))
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4. Protein-protein interactions within the T lymphocyte
4.1. Membrane dynamics and protein associations
What in early times was though to be just a barrier between the intracellular
compartments and the surrounding environment, the cell membrane is now considered
one of the most specialized structures that still grabs many researcher’s attention..It is a
unique structure with unique characteristics that has been related with crucial processes
and mechanisms of the cell. Many molecules expressed at the cell surface possess a
transmembrane region embedded in the cell membrane, and when compared with soluble
proteins they have a much reduced mobility, limited to a two-dimensional movement. The
loss of one dimension restricts the measurements of cell surface molecules affinity to 2D
Kd instead of the classical 3D Kd affinity measurements (Dustin et al., 1996; Huppa et al.,
2010). Membrane proteins have restrained diffusion and orientation, nevertheless these
proteins can move in the membrane by 5 Å in an axial plane and bend by 10 degrees
(Berg, 2009). In the cell membrane, each protein is represented by more than one copy,
ranging from high surface density to low surface density. The density of each protein can
lead to avidity effects when interacting with a given 2D Kd affinity (Springer, 1990b; van
Kooyk and Figdor, 2000). The membrane environment also promotes transient and
random non-specific interactions between proteins that might influence the signaling
pathways during T cell activation (James et al., 2006; James et al., 2007).
The restrained diffusion in 2D of membrane proteins has repercussions for proteinprotein interactions. Membrane protein diffusion can be affected by different factors such
as protein density, lipid viscosity, and intracellular interactions with cytoplasmic structures
that can reduce mobility by 10 to 100 fold when comparing with soluble proteins (Kusumi
et al., 2005). Restricting molecules to a 2D plane can affect receptor-ligand interaction
thermodynamics. The determined values of Kd for protein-protein interactions in a 3D
space are not directly correlated with the biologically relevant 2D Kd affinity of the same
interaction. Affinities measured in solution, 3D affinities, are very different from those
measured in a 2D plane, thus even if an interaction measured in solution is of very low
affinity, with a Kd ranging from 10-200µM, the same measurement in a 2D plane might
reveal a very stable interaction with a great biological significance (Edwards et al., 2012).
Another

determinant

factor

on

protein

motility

is

the

organization

and

rearrangements that actin, the linker between cell surface molecules and the cytoskeleton,
undergoes. The cytoplasmic tail of many different transmembrane proteins associates
with intracellular signaling effector molecules, which in turn are bound to actin. Association
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with intracellular molecules indirectly connects membrane proteins to actin, leading to the
reorganization of protein distribution at the cell membrane dependent on the interaction
with actin-associated molecules. Immunological synapse formation is a good example of
an actin-driven cell membrane rearrangement, crucial for effective signaling and induction
of T cell activation.
Studies of single-molecule tracing of surface proteins using new technologies have
had great impact on the way membrane diffusion is seen (Dustin and Depoil, 2011). Actin
limits the distances for protein diffusion, moreover migration of proteins is dependent on
actin structures and restricted by its network (Kusumi and Sako, 1996; Ritchie and
Kusumi, 2004). The dependence on actin and cytoskeleton for the diffusion and
organization of membrane proteins combined with protein-protein interactions has been
found in different models and is increasingly accepted as a key point for understanding
cell dynamics (Fujiwara et al., 2002; Murase et al., 2004).
Another relevant key issue is the viscosity of membrane lipids that also influence
the ability of proteins to move within the membrane. Different molecules have different
structures that in the cell membrane environment dictate many of the membrane
characteristics, for example, the presence of cholesterol significantly affects lipid fluidity
(Rog et al., 2009). Possible alterations in the composition of certain domains of cell
membranes led Simons and van Meer to propose the lipid raft model, based on the
existence of lipid-ordered and disordered phases in the cell membrane (Simons and van
Meer, 1988; van Meer and Simons, 1988). The lipid raft model states that in the cell
membrane, surface molecules are divided and distributed between the two independent
structures. The decision on which phase to settle depends on specific properties,
especially on transmembrane regions, leading to an organization and distribution of
molecules at the membrane with serious impact on T cell signaling (He and Bongrand,
2012). In early studies, the proteins retained in association with the membrane upon
solubilization using a specific detergent (e.g. Triton X-100) at 4ºC were considered to be
raft-associated molecules. Being a ever-lasting reason of debate (Munro, 2003; Shaw,
2006), the lipid raft model has been constantly put under scrutiny, and recent studies,
taking advantage on new and more accurate and sensitive techniques such as nano-scale
microscopy and spectroscopy, raised important issues concerning these sphingolipids and
glycosylphosphatidylinositol-anchored

protein-containing

structures.

Eggeling

and

colleagues, based on stimulated emission depletion (STED) far-field fluorescence
nanoscopy, claim that lipid rafts are extremely small (<20nm of diameter) and very
transient (~10-20ms) (Eggeling et al., 2009), which leads to the question on whether such
size restricted and short-lived structures could efficiently coordinate protein-protein
interactions.
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The historical importance of lipid rafts in T cell activation theories relies on the
ability of, upon TCR engagement, promoting colocalization of signaling effector molecules
as well as aggregation of the TCR itself through rafts aggregation (Harder et al., 1998;
Janes et al., 1999; Viola et al., 1999). On top of the dispute, different groups argue that
lipid rafts exist as dynamic domains in the cell membrane with less than 100 nm (He and
Marguet, 2011; Lingwood and Simons, 2010). These rafts “nanodomains” are indicated to
include TCR in a cell resting state, what could lead to its influence in TCR triggering
(Simons and Gerl, 2010).

4.2. The nature of different interactions
Characterization of protein-protein interactions has been a subject of interest for a long
time. The first reports on this matter focused on interactions between soluble proteins,
such as antibody-antigen and hormone-receptor. A common feature of all these
interactions is their strong affinity and high specificity, which leads to a good capacity of
these proteins to recognize their ligands, even at low density, in solution and establishing
stable interactions with a long half-life.
The contact interface between soluble proteins is critical for generation of
specificity and high affinity and does not differ much from interactions with membrane
proteins (Chothia and Janin, 1975; Janin and Chothia, 1990; Jones and Thornton, 1996).
An interesting model in which to study protein-protein interaction is the contact
zone formed when two cells meet. Upon cell-cell contacts, a rearrangement of the spatial
distribution of surface proteins allows the formation of many different protein-protein
interactions. When a T cell encounters an APC, an immunological synapse is formed and
protein interactions are allowed. An important feature of cell-cell interactions is the
capacity to readily disrupt the interaction when needed for control of intracellular signaling
responses (van der Merwe and Barclay, 1994). In contrast, with interactions held by
soluble proteins (3D), binding of membrane molecules (2D) is usually of low affinity and
rapid dissociation, yet this does not mean a lack of specificity but rather a fine-tuning
mechanism for cell recognition and signaling regulation.
Each protein-protein interaction is characterized by a binding affinity that is
calculated through the kinetics of the interaction. The dissociation constant (Kd) is given
by the ratio between the off-rate and the on-rate (Kd = koff / kon). Clear examples have
shown how important it is to determine the affinity of a given interaction. In the big picture
of T cell activation, the affinity of the interaction of TCR with pMHC oscillates according to
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the required function, which ranges from TCR repertoire selection in the thymus to T cell
activation to induce an immune response to a pathogen (Alam et al., 1996; Kersh et al.,
1998).
Other T cell surface expressing molecules have been also shown to have their
function conditioned according to the properties of established interactions with counter
receptors at APCs. An attractive model is the preferential binding of CD80 and CD86,
expressed at professional APCs, with CD28 or CTLA-4, both expressed at the T cell, that
with different binding properties ensure the correct pair establishment for the needed
function, as discussed already in section 2.5.
Important to keep in mind is that regardless of the binding affinity, these molecules
interact with very fast kinetics. Upon cell-cell contacts, transient interactions are constantly
happening forming small clusters where receptor-ligand binding switches from on to off,
characterizing a very dynamic structure.

5. Binding partners of T lymphocyte molecules
The basis to understand immunological phenomena has largely relied on the
characterization of leukocyte cell surface molecules. How far we still are from identifying
and characterizing all the molecules expressed at the T cell surface is difficult to evaluate.
Also unpredictable is when we will be able to have a clear view on how the cell surface
environment changes, in composition or structure, during the different stages of
development or during cell activation.
Serial Analysis of Gene Expression (SAGE) was a very important and useful tool
designed to analyze a large number of transcripts of a population of interest (Velculescu
et al., 1995). This approach applied to human single T cell clones suggests that the celltype specific composition of different lymphocyte populations is close to being obtained
(Evans et al., 2003; Evans et al., 2009)
The quest is now set to understand the topological arrangement and molecular
associations of receptors at the surface of T lymphocytes, and the functional
consequences of changing these interactions at the onset of T cell activation. Biochemical
events triggered upon cellular activation, and the function and molecular associations of
representative receptors at the T cell surface, such as MHC class I, CD2, TCR/CD3, CD5
and CD6 are widely described (17,41-43). However, the function of these receptors
depends on the context of the activation process. The organizational properties of the cell
membrane, i.e. how receptors are arranged in specific domains and membrane structures,
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as well as the constraints imposed by the interaction with the antigen presenting cell,
dictate much of the outcome of the cellular responses.
A great characteristic of T cell membrane proteins is the broad number of different
interactions that they can hold. Through their extracellular domains, T cell surface
molecules can interact with a) molecules also expressed in the same T cell, b) molecules
expressed on the APC surface, c) soluble molecules such antibodies, cytokines,
hormones or growth factors, and d) extracellular matrix components. For membrane
proteins comprising a cytoplasmic tail, also interactions with intracellular free or
membrane-bound proteins are common and of great importance linking the extracellular
environment with effective signaling pathways.
Interactions established within the cell membrane are commonly generated based
on cysteine-cysteine disulphite bridges or electric charges. Many are the examples of
proteins that can dimerize or even oligomerize leading to a constant dynamic process in
the rearrangement of membrane protein organization. This reorganization is often
essential for activation of intracellular signal transduction pathways.
As detailed already, protein-protein interactions between two cells that meet and
stay in close proximity can be either of great affinity or mainly transient, depending on the
type of the desired interaction between the two cells. In opposition to interactions such as
those found in tissues that are meant to be strong and stable in order to maintain the
integrity of the formed structure, T cell interactions with APCs are desirably easy
reversible. The avidity as a combined strength of many weak receptor-ligand interactions
will be the key for transient, although highly specific, interactions. The type of interactions
occurring between proteins of both cells is largely based on electrostatic associations.
Besides these 2D-type interactions, the extracellular domain of transmembrane
proteins is also responsible for the association with soluble molecules present in the
extracellular milieu. Among many, interactions with cytokines and growth factors dictate
the type of information and guidelines for the cell to formulate a response. Surface-bound
receptors interact with different thermodynamic values with proteins in cell-to-cell
interactions, being these soluble 3D-type interactions more stable and of high affinity.
In the T cell cytoplasm, soluble proteins with signaling effector roles also interact
with the cytoplasmic domains of transmembrane proteins. These interactions are usually
highly specific, being determined by small motifs comprised in both interacting molecules.
SH2 and SH3 domains are specific domains widely expressed and responsible for a large
proportion of protein-protein interactions. In early stages of T cell activation, the TCR/CD3
ITAMs are phosphorylated recruiting ZAP-70 that binds the ITAMs through its SH2
domains. These are key interactions that form the basis of T cell signaling cascades.
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6. Aims of this thesis

Given that the inhibitory function mediated by CD5 acts at the onset of cell activation, its
physiological immunomodulatory role is likely to be one involving the fine-tuning of T- and
B-cell responses. Therefore, a better understanding of CD5 regulation, including insights
into the signaling partners and the outcomes of these interactions in mediating the
inhibitory effects are of prime importance in designing strategies to correct dysfunctions in
the activity of CD5 in health and disease. The main objective of this thesis is to further
extend the knowledge and understanding CD5 function and characterization with a
special focus on:

•

The CD5 role in T lymphocyte signaling and the novel mechanisms involved in
CD5-mediated inhibition

•

The membrane distribution of CD5 upon T cell-APC interactions and T cell
activation, and the specific domains responsible for this membrane movement.

•

The characterization of important interactions established by the cytoplasmic tail of
CD5 with essential T cell signaling effectors.

•

Unveiling the existence of a CD5 ligand expressed on APCs and further
developing a systematic methodology for ligand search of orphan receptors.
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1.1 Introduction

Upon TCR/CD3 stimulation, the cytoplasmic domain of CD5 is phosphorylated with
very fast kinetics (1), with residues Tyr429 and Tyr463 of the cytoplasmic domain of
CD5 being the prime targets of phosphorylation (2, 3). The protein tyrosine kinase
Lck appears to be responsible for most of the phosphorylation, although Fyn and Itk
may complement or regulate this aspect of Lck function (2-4). The induction of
tyrosine phosphorylation of CD5 may in turn allow Lck itself to dock onto the
cytoplasmic tail of CD5, with the Lck SH2 domain interacting primarily with
phosphorylated Tyr429, reportedly resulting in an increased Lck activity (2, 5).
However, these coupled effects were obtained by co-expressing Lck and CD5 in
insect cells, or using short peptides or fusion proteins in cells stimulated with
pervanadate. The docking of Lck to CD5 upon cell activation through the
physiological receptor has yet to be demonstrated and it has been shown that direct
ligation of CD5 with mAb has little effect on Lck phosphorylation (6).
It has been shown that the inhibitory function of CD5 on TCR signaling during
thymocyte development is dependent on the functional integrity of the CD5
cytoplasmic domain, as a transgene encoding a mutant form of the protein lacking
the double-tyrosine motif and distal sequences failed to rescue the CD5-/- phenotype
(7). One hypothesis raised to explain the inhibitory effects of CD5 involves the SH2
domain-containing phosphotyrosine phosphatase, SHP-1. CD5 has been reported to
associate with SHP-1 in Jurkat T cells, murine thymocytes and B-1a cells (6, 8-10).
The recruitment of SH2 domain-containing phosphatases to phosphorylated tyrosine
residues positioned within ITIM sequences is a common feature among negative
regulatory receptors, and a tyrosine residue contained within the ITIM motif
(LAY378KKL) that straddles the CD5 transmembrane/cytoplasmic junction was
proposed to be the binding site of SHP-1 in Jurkat T cells (6). In addition to SHP-1,
several other signaling molecules may associate with the cytoplasmic tail of CD5,
potentially conferring a negative regulatory function to CD5, including RasGAP and
Cbl (11, 12).
Although the inhibitory role of CD5 is generally attributed to its association with
signaling attenuators upon TCR ligation, the targets of these inhibitory molecules
have not been fully identified. On the other hand, little attention has been given to the
possibility that signal modulation by CD5 results from the active down-regulation of
activatory enzymes. We have examined the signaling effects of CD5, with an initial
focus on T cell activating kinases, considering the possibility that CD5 triggering
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represses the activity of these enzymes. We find that, whereas Lck is largely
unaffected by CD5 triggering, Fyn is rapidly phosphorylated and its activity downregulated. We propose that this is responsible for the CD5-dependent inhibition of at
least some of its downstream effectors, including ZAP-70 and PAG.

!
1.2

Material and Methods

!
!
Cells and cell lines
!
Human PBMC from normal healthy adult volunteers were isolated by Ficoll-Hypaque
density gradient centrifugation. Jurkat cell lines used were JKHM (8), donated by D.
A. Cantrell (Imperial Cancer Research Fund, London); and the CD5-deficient 2G5
subclone. 2G5 lines stably transfected with wild-type and cytoplasmic mutant human
CD5 molecules were also used (13). Cell lines were maintained at 37°C in a 5% CO2
humidified incubator, in RPMI 1640, supplemented with 10% FCS, 1 mM sodium
pyruvate, 2 mM L-glutamine, penicillin G (50 U/ml) and streptomycin (50 µg/ml).
Human embryonic kidney HEK293T cells (14) were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum, 5 mg/ml glucose, penicillin (100
U/ml), streptomycin streptomycin (50 µg/ml) and 200 mM L-glutamine.
!
Antibodies and reagents
!
Monoclonal antibodies used were: anti-phosphotyrosine mAb 4G10 conjugated with
HRP (Upstate Biotechnology); CD5: Y-2/178 (15), a kind gift from J. Cordell and D.
Y. Mason (John Radcliffe Hospital, University of Oxford); CD3: OKT3 (16); PAG: C1
(17) a kind gift from B. Schraven and J. Lindquist (Institute of Immunology, Otto-vonGuericke University, Magdeburg); anti-phospho-Fyn (Tyr531), from Santa Cruz
Biotechnology [the antibody has the commercial name of p-c-Src(pY530), but was
originally raised against the inhibitory tyrosine residue of Fyn. In the text we use the
nomenclature pFyn(Y531)]; and the isotype control antibody IgG1 from BD
Biosciences. Polyclonal Abs were: anti-CD5, a gift from D. Y. Mason; anti-Lck (DA3),
anti-Fyn (BL90), and anti-ZAP-70, given by J. B. Bolen and M. G. Tomlinson (DNAX
Research Institute, Palo Alto); anti-PAG and anti-phospho-PAG (Tyr317), gifts from
B. Schraven and J. Lindquist; anti-phospho-ZAP-70 (Tyr493), a gift from S. Valitutti
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(Institut Claude de Préval, Toulouse); anti-phospho-Src Family Negative Regulatory
Site (Biosource), anti-phospho-Src Family (Tyr416) and anti-phospho-Lck (Tyr505)
from Cell Signaling; anti-Csk (Santa Cruz Biotechnology); anti-LAT (Upstate
Biotechnology); goat anti-mouse peroxidase conjugate (Molecular Probes Europe);
goat anti-rabbit (GAR) peroxidase conjugate (Sigma-Aldrich); rabbit anti-mouse
FITC-labeled from Dako; and donkey anti-rabbit FITC-labeled (Jackson Immuno
Research). Biotinylated proteins were detected in Western blotting with ExtrAvidin
peroxidase (Sigma-Aldrich). ExtrAvidin peroxidase was purchased from SigmaAldrich and [!-32P]ATP (>5000 Ci/mmol) was purchased from Amersham.
!
Cell surface biotinylation,and detection
Between 1 and 5 " 107 cells were washed three times with ice-cold PBS and
incubated for 10 min at room temperature with PBS containing 0.5 mg/ml of EZ-Link
sulfo-NHS-LC-biotin (Pierce, Rockford, IL). Cells were then washed for an additional
three rounds with PBS and lysed for 30 min in ice-cold 1% NP-40 lysis buffer (10 mM
Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, and 1% (v/v) Nonidet P40). Samples containing immune complexes (see next section) were run on 11%
SDS-PAGE

and

transferred

to

Hybond-C-super

membranes

(Amersham).

Membranes were blocked overnight in Tris-buffered saline and 0.1% (v/v) Tween 20
(TBS-T) containing 5% (w/v) nonfat dried milk, washed once for 15 min and twice for
5 min each time with TBS-T, and incubated for 1 h at room temperature with
ExtrAvidin peroxidase-conjugated (Sigma, Madrid, Spain; dilution, 1/7500 in TBS-T).
Membranes were washed again for 15 min and an additional four times for 5 min
each time with TBS-T, and biotinylated proteins were visualized by enhanced
chemiluminescence (Amersham) and exposure to Biomax MR-1 films (Eastman
Kodak, Rochester, NY).!
!
Immunoprecipitations
!
Cells were lysed for 30 min on ice in lysis buffer (10 mM Tris-Cl (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1 mg/ml BSA (not used in cell surface biotinylation), 1 mM
PMSF, and 1% (v/v) Brij 96 or Nonidet P-40), the nuclear pellet was removed by
centrifugation at 12,000 ! g for 10 min at 4°C, and the supernatants were precleared
by end-over-end rotation with protein A-Sepharose CL-4B (Amersham Biosciences)
for 30 min at 4°C. Abs (10 µg) or antisera (1–3 µl) and 100 µl of 10% protein A-

57

Results - CD5 Inhibitory Signaling through Fyn Phosphorylation

Sepharose beads were added to the samples and rotated for 90 min at 4°C. The
beads containing the immune complexes were washed three times in 1 ml of lysis
buffer, and in in vitro kinase assays, an additional two washes were performed with 1
ml of Brij 96 assay buffer (25 mM HEPES (pH 7.5) and 0.1% (v/v) Brij 96). All
washes were performed at 4°C.
For reprecipitation experiments, the beads containing the immune complexes
were boiled for 5 min in 3% SDS and diluted 8-fold with lysis buffer. The beads were
spun, and the supernatants were recovered and precleared for 30 min with 100 µl of
10% protein A-Sepharose beads. Proteins were precipitated with antisera plus 100 µl
of 10% protein A-Sepharose beads for 90 min. Immunoprecipitates were washed
three times with 1 ml of lysis buffer. Samples were boiled for 5 min in SDS buffer and
run on 11% SDS-PAGE.!

In vitro kinase assays and reprecipitations of phosphorylated proteins
Between 1 and 5 " 107 cells were lysed for 30 min on ice in lysis buffer (10 mM TrisHCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF and 1% (v/v) NP-40 or Triton
X-100). The nuclear pellet was removed by centrifugation at 11,000 " g for 10 min at
4°C, and the supernatants were mixed with 100 µl of a 10% protein A Sepharose CL4B slurry and with mAb (1-10 µg) or antisera (1-3 µl). Samples were incubated for 90
min at 4°C. The beads containing the immune complexes were washed three times
in 1 ml lysis buffer and washed for two more rounds in kinase assay buffer (25 mM
HEPES and 0.1% detergent). NP-40 or Triton X-100 assay buffer (30 µl) containing
10 mM MnCl2, 1 mM sodium vanadate, 1 mM NaF, and 50 µCi (185 KBq) [!-32P]ATP
was added to the immune complexes, and in vitro kinase reactions were allowed to
occur for 15 min at 25°C. Reactions were stopped by the addition of 30 ml of 2 "
SDS buffer, following which the samples were boiled for 5 min. Products were
separated on SDS-PAGE gels, and autoradiography of the dried gels was done with
BioMax MR films (Kodak). For reprecipitations, the beads containing the immune
complexes were boiled for 5 min in 2% SDS and diluted 8-fold with lysis buffer. After
centrifugation, supernatants were recovered and pre-cleared for 30 min with 100 ml
protein A Sepharose beads. Proteins were reprecipitated with antibodies and protein
A Sepharose beads for 90 min, as above. Reprecipitates were washed three times
with 1 ml lysis buffer. Samples were boiled for 5 min and subjected to SDS-PAGE.
When indicated, a biotinylated peptide containing the rat CD5 pseudo-ITAM
sequence (Biot-AASHVDNEYSQPPRNSRLSAYPALE-OH, purchased from New
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England Peptide) was also included as a Fyn substrate in the reaction mix at a final
concentration of 0.5 µg/µl, and in this case the kinase reaction was at 30 ºC for 10
min. The biotin-labeled CD5 peptide was recovered using avidin beads (Pierce,
Illinois) and the incorporated [!-32P]-ATP measured in a Beckman liquid scintillation
counter.

Cellular activation
Cells were maintained in RPMI 1640 medium or serum-deprived for 18 h prior to
stimulation. For activation, cells were washed and resuspended in RPMI 1640
(without FCS) containing Y-2/178 at 10 µg/ml, OKT3 at 2 µg/ml, or isotype-matched
negative control antibody at 10 µg/ml. Stimulation was induced without the use of
crosslinking secondary Ab. Cells were maintained at 4°C for 15 min and
subsequently incubated at 37°C for the indicated time points. Cells were then
pelleted and lysed for 30 min in ice-cold 1% NP-40 lysis buffer (10 mM Tris-Cl pH
7.4, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1% (v/v) Igepal CA-630 and 1 mM
sodium orthovanadate). The nuclear pellet was removed by centrifugation at 11,000
" g for 10 min at 4°C and the supernatants were subjected to immunoprecipitation or
analyzed by immunoblotting. In a typical experiment, 5 " 107 cells were activated per
condition. For lipid rafts analysis of activated cells, approximately 1.7 " 108 cells were
used per sample. Cells were washed and resuspended in 1 ml RPMI medium
containing Y-2/178 at a 1:5 dilution of hybridoma supernatant. After 5 min incubation
on ice, cells were activated at 37 ºC for 15 min, collected and prepared for sucrose
gradient centrifugation as described below.

Sucrose gradient centrifugation
Sucrose gradient centrifugation was performed as described (18). Briefly, activated
cells were washed twice with ice-cold PBS and lysed for 30 min on ice in 1 ml MBS
buffer (25 mM MES pH 6.5, 150 mM NaCl), containing 1% Triton X-100, 1 mM PMSF
and protease inhibitors (1 mM AEBSF, 0.8 mM aprotinin, 50 mM bestatin, 15 mM E64, 20 mM leupeptin, 10 mM pepstatin A, Calbiochem). Lysates were homogenized
by brief sonication for ten pulses on ice, using a Heat Systems/Ultrasonics sonicator
(model W-375) equipped with a microtip and set to 50% duty cycle, output 3. To
obtain the rafts fractions, cell lysates were mixed with an equal volume of 85%
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sucrose in MBS buffer and transferred to the bottom of Sorvall ultracentrifuge tubes.
Samples were overlaid with 6 ml of 35% sucrose followed by 2 ml of 5% sucrose.
After centrifugation at 200,000 " g for 17 h at 4°C in a TST41.14 swing-out rotor
(Sorvall), 10 fractions of 1 ml were collected from the bottom of the tube and
analyzed by Western blotting. Fractions are labeled from the top of the gradient.

Flow Cytometry
For the detection of surface receptors, cells were washed and resuspended in PBS
containing 0.2% BSA and 0.1% NaN3 (PBS/BSA/NaN3), at a concentration of 5 " 106
cells/ml. Staining was performed by incubation of 5 " 105 cells/well with mAb (20
µg/ml) for 15 min on ice, followed by rabbit anti-mouse FITC-labeled, in 96-well
round-bottom plates (Greiner). For the measurement of intracellular phosphotyrosine
proteins, activated cells (5 " 106 cells per sample) were collected and fixed for 20 min
at 4°C with 4% PFA, washed twice with ice-cold PBS and permeabilized for 20 min at
4°C with PBS/BSA/NaN3 containing 0.4% saponin. Intracellular staining was
performed in 96-well round-bottom plates by incubation of 1 " 106 cells/well with
polyclonal phosphorylation site-specific antibodies for 15 min on ice, followed by
FITC-labeled donkey anti-rabbit antibody. Cytometric analysis was as previously
described (8), using a FACSCalibur (Becton Dickinson).

Densitometry
Densitometric analysis was performed on a GS-800 densitometer (Bio-Rad) using
Quantity One quantitation software (Bio-Rad). Signals obtained from the volume
analysis of densitometric data are expressed in arbitrary units. All densitometric
values were calculated from non-saturated signals.

Polyacrylamide gel separation and Western blotting
Proteins were separated by 10-12% SDS-PAGE as deemed appropriate under
reducing or non-reducing conditions and then transferred to Hybond-C-extra
membranes by electroblotting with ice-cold transfer buffer. Membranes were blocked
in TBS, 0.1% (v/v) Tween 20 (TBS-T), containing 5% (w/v) BSA (Sigma) or 5% (w/v)
nonfat dried milk, probed with unconjugated primary antibody for 1 hour and revealed
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with HRP-conjugated goat anti-mouse or goat anti-rabbit IgG (both from Sigma), or
strep-HRP (Cell signalling) at appropriate dilutions. Membranes were washed
thoroughly with TBS-Tween. For some incubations, primary antibody was left in
falcons rotating overnight at 4°C. Immunoblots were developed using ECL or ECL–
plus (Amersham Biosciences) and exposed to BioMax MR films (Kodak).

1.3

Results

CD5 ligation induces weak phosphorylation of intracellular substrates and downregulation of ZAP-70 phosphorylation
We examined the early response of JKHM Jurkat T cells to CD5 stimulation, namely
the appearance of tyrosine phosphorylated intracellular substrates. As a true
physiological ligand for CD5 has not been unequivocally demonstrated, we
stimulated cells via CD5 using the CD5 mAb Y-2/178 to mimic ligand-binding. CD5
triggering induced a slight increase in the phosphorylation of a number of cellular
proteins within 30 seconds of activation, peaking at 2 min (Fig. 1A), consistent with
previous observations (6). Despite being much reduced compared to the activation
induced via CD3, this rapid response to CD5 stimulation indicated that CD5 is not
only involved in downmodulating signals transduced through the physiological
receptor for antigens, but is instead capable of autonomous signaling.
We therefore asked whether the CD5-mediated signals reflected simply a
quantitative difference from the more potent TCR-induced activation, or whether
there would be qualitative effects, and for that purpose we initially assessed tyrosine
phosphorylation of ZAP-70, a key step in TCR mediated signal transduction. Upon
conventional TCR/CD3 stimulation of JKHM cells using OKT3 antibody, ZAP-70 is
rapidly

phosphorylated,

as

can

be

seen

when

total

cellular

ZAP-70

is

immunoprecipitated at different time points of activation, and phosphorylation
measured using anti-phosphotyrosine antibodies (Fig. 1B). Additionally, using a
phosphospecific antibody recognizing phosphorylated Tyr493 of ZAP-70, which
correlates with positive signaling by ZAP-70 (19), we detected a clear increase in the
phosphorylation of this residue in total cellular lysates collected at the different time
points of activation (Fig. 1C). By contrast, JKHM cells treated with anti-CD5 Y-2/178
antibody displayed a decrease in ZAP-70 tyrosine phosphorylation, both at the global
level as well as at the specific phosphorylation of Tyr493 (Fig. 1B and C).
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Figure 1. CD5 ligation induces low phosphorylation of intracellular substrates and
down-modulates ZAP-70 phosphorylation. (A) JKHM cells were incubated with anti-CD3
mAb OKT3 (2 mg/ml) or anti-CD5 mAb Y-2/178 (10 mg/ml) for the indicated time points.
Global phosphotyrosine content was revealed with phosphotyrosine-specific mAb 4G10. (B)
JKHM cells were activated with CD3 or CD5 mAbs for the indicated time points. Lysates were
subjected to anti-ZAP-70 immunoprecipitation and immunoblotted with HRP-labeled antiphosphotyrosine mAb 4G10 (B, top panels). (C) Lysates were directly immunoblotted with
493
anti-phospho-ZAP-70(Tyr ) antibody, followed by HRP-conjugated goat anti-rabbit antibody.
For loading control, membranes were probed with anti-ZAP-70 antibody (lower panels).

CD5 stimulation induces Fyn phosphorylation in the C-terminal inhibitory tyrosine
residue, and down-regulates the kinase activity of Fyn
The small burst of tyrosine phosphorylation induced by CD5 triggering together with
the blockade of signaling at the level of ZAP-70 activation prompted us to examine
the activity of the protein tyrosine kinases that may phosphorylate ZAP-70, i.e. the
Src-family kinases Lck and Fyn. JKHM cells were stimulated for different times with
the Y-2/178 CD5 antibody, and after cell lysis Lck and Fyn were immunoprecipitated
and analyzed by Western blotting. We were unable to detect any significant changes
in the overall tyrosine phosphorylation of Lck (Fig. 2A), in accordance to what was
previously reported (6). Strikingly, Fyn was strongly phosphorylated upon CD5
stimulation of JKHM cells (Fig. 2A).
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Figure 2. CD5 triggering induces tyrosine phosphorylation of the protein tyrosine
kinase Fyn at the C-terminal inhibitory residue. (A) JKHM cells were incubated at 37°C
with the anti-CD5 mAb Y-2/178 (10 µg/ml) for the indicated time points or with the isotype
control antibody IgG1 (10 µg/ml) for 2 min (corresponding to time point 0 of activation).
Lysates were immunoprecipitated (IP) with polyclonal anti-Lck or anti-Fyn. Membranes were
incubated with HRP-conjugated anti-phosphotyrosine mAb 4G10 (top panels), or with
polyclonals anti-Lck or anti-Fyn followed by HRP-labeled goat anti-rabbit antibody (bottom
panels). (B) JKHM cells were activated with Y-2/178 for the times indicated or incubated with
isotype-control antibody (time 0) for 2 min at 37°C. Lysates were blotted with polyclonal
505
531
antibodies reacting with phosphorylated pTyr
of Lck or Tyr
of Fyn. Lysates were also
blotted with anti-Fyn and anti-Lck polyclonal antibodies, as controls. (C) Lysates of CD5stimulated cells for the times indicated were precipitated with anti-pSrc(-) antibodies.
Membranes were incubated with either Lck (top) or Fyn (bottom) polyclonals, followed by
GAR-HRP.
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As CD5 ligation induced the tyrosine phosphorylation of Fyn while also
resulting

in

the

inhibition

of ZAP-70

phosphorylation, we

phosphorylation was occurring at the inhibitory C-terminal Tyr

531

asked

whether

residue of Fyn.

Lysates of JKHM cells stimulated for different times with Y-2/178 were run by SDSPAGE and incubated with a specific monoclonal antibody recognizing phospho-Tyr531
of Fyn. As can be seen in Fig. 2B, there was a marked increase in the
phosphorylation of Tyr531 upon CD5 activation. By contrast, no major changes were
detected in the phosphorylation of the correspondent inhibitory tyrosine residue in
Lck, Tyr505 (Fig. 2B).
Given that phosphospecific antibodies have the potential to cross-react, we
obtained additional confirmation that Fyn, but not Lck, was being phosphorylated in
the inhibitory tyrosine residue. We stimulated JKHM for different times, lysed the
cells, and performed immunoprecipitations using the polyclonal Ab reactive with
phosphorylated

C-terminal

tyrosine

residues

of

Src-family

kinases.

Immunoprecipitates were transferred to nitrocellulose membranes and probed with
Lck- and Fyn-specific Ab. Whereas Lck was not phosphorylated at the inhibitory
tyrosine residue, phosphorylation of the corresponding residue in Fyn increased
significantly within 2 minutes, compared to t=0 where it was virtually undetected (Fig.
2C).
On the other hand we excluded that Fyn was being significantly
phosphorylated at the activatory tyrosine residue. Using a cytometry-based method
for intracellular tyrosine detection and a polyclonal Ab, pSrc(+), that recognizes
phosphorylation of Tyr394 of Lck and Tyr417 of Fyn, we could not observe any increase
in the overall phosphorylation of the activatory tyrosine residues after CD5 activation
for 2 min (Fig. 3A and B). By contrast, using a pSrc(-) serum we noted a small but
reliable increase in the phosphorylation of C-terminal inhibitory tyrosine residues of
the Src-type kinases, consistent with the observed phosphorylation of Tyr531 of Fyn.
Moreover, assessing the phosphorylation of Src positive and negative residues of
CD5-activated JKHM by immunoblotting, we confirmed that the status of the
activatory tyrosine residues did not change significantly, whereas using the pSrc(-)
serum we could detect a marked increase in the phosphorylation (Fig. 3C).
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Figure 3. CD5 stimulation increases the phosphorylation detected by antibodies
reacting with inhibitory tyrosine residues of Src-family kinases. JKHM cells were
activated with Y-2/178 for the times indicated or incubated with isotype control antibody (NS)
at 37 ºC. (A) Subsequently, cells were collected, fixed and permeabilized for 30 min at 4 ºC.
Cells were stained with anti-pSrc(+) or anti-Src(-) polyclonal antibodies followed by FITClabeled goat anti-rabbit (GAR) polyclonal antibody, or FITC-GAR alone. Histograms are from
one of three independent experiments. (B) Graphs show the mean values and standard
deviation of the variation of pSrc(+) and pSrc(-) phosphorylation relative to time 0 from three
experiments. (C) Following activation with Y-2/178 for the indicated times, cells were
collected and lysed. Detection of phosphorylation of Src activatory and inhibitory tyrosine
residues was done using anti-pSrc(+) or anti-pSrc(-) polyclonal antibodies and peroxidaseconjugated GAR.

Having established that CD5 triggering resulted in the phosphorylation of the
inhibitory tyrosine residue of Fyn, we promptly tested whether the kinase activity of
Fyn decreased as a consequence of Tyr531 phosphorylation. We assessed the kinase
activity of total cellular Fyn in in vitro kinase assays in resting cells and following CD5
activation. JKHM cells were stimulated for different times with Y-2/178, following
which the cells were lysed and Fyn immunoprecipitated with a polyclonal antibody
and subjected to a kinase reaction in the presence of [!-32P]-ATP.
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Figure 4. The kinase activity of Fyn decreases significantly following CD5 stimulation.
JKHM cells were activated with Y-2/178 for the indicated time points at 37°C and lysed in
lysis buffer. (A) In vitro kinase assays of Lck and Fyn immunoprecipitates were performed in
32
the presence of [!- P]-ATP. IPs were also run and immunoblotted with Lck and Fyn
polyclonal antibodies. Changes in the levels of phosphorylation of Lck and Fyn were
determined by densitometry. Gels are from one of three independent experiments, and
graphs show the mean values and standard deviation of Lck and Fyn activities, relative to
time 0, from the three experiments. (B) Kinase assays of Lck and Fyn immunoprecipitates
32
were performed in the presence of [!- P]-ATP and an exogenous substrate, a 25-amino acidlong synthetic biotinylated peptide containing the pseudo-ITAM of rat CD5. After the kinase
reaction, the CD5 peptide was precipitated by streptavidin beads, and radioactive counts
associated with the peptide were measured in a Beckman liquid scintillation counter. (C)
Following CD5 stimulation, kinase assays on CD5 immunoprecipitates were also performed.
The kinase activity associated with CD5 was detected by autoradiography, and measured by
densitometry. Values shown in the graph are from three separate experiments.
Immunodetection of phosphorylated CD5 in CD5 immunoprecipitates was performed using
anti-phospho tyrosine antibodies, confirming that CD5 is tyrosine phosphorylated upon
activation. Immunoblotting of total CD5 in the immunoprecipitates is also shown. IP,
immunoprecipitation; KA, kinase assay; WB, Western blotting.
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As we had hypothesized, the autophosphorylation activity of Fyn decreased
approximately to half of its initial value, whereas, the activity of Lck remained
constant in the same period (Fig. 4A). We also measured the kinase activity towards
an exogenous substrate. For this purpose, we added in the kinase reaction a 25amino acid-long synthetic peptide corresponding to a cytoplasmic sequence of rat
CD5 that contains the pseudo-ITAM motif, and that we had previously shown to be a
substrate for both Lck and Fyn (4). Following CD5-activation, Lck and Fyn were
collected from cell lysates and allowed to phosphorylate the CD5 peptide in the
presence of radioactive ATP. The phosphorylation of the peptide induced by Fyn
markedly decreased over time, whereas the levels of Lck-catalyzed phosphorylation
varied only slightly, confirming our previous results (Fig. 4B). Collectively, the data
indicate that the regulation of Fyn during CD5-mediated signaling is a specific effect.
Interestingly, phosphorylation of CD5 itself, detected by kinase reactions as well as
by immunoblotting using a phosphotyrosine-reactive mAb, increased markedly within
2 min, confirming the functional coupling of CD5 with tyrosine kinases during CD5mediated signaling (Fig. 4C).

Tyrosine kinases responsible for CD5 phosphorylation interact with the sequence
K384-E418 of the cytoplasmic tail of CD5
CD5 does not have intrinsic enzymatic activity, so it is likely that CD5
phosphorylation, as well as the CD5-induced phosphorylation of Fyn, are catalyzed
by tyrosine kinases that associate with CD5. We used a set of Jurkat cell line
variants, i.e. the CD5-negative cell line 2G5, reconstituted 2G5 cells expressing the
471 aa-long wild-type CD5 protein (2G5/CD5.WT), and also 2G5 transfectants
expressing the truncation mutants CD5.K384stop, CD5.E418stop and CD5.H449stop, to
investigate the association of tyrosine kinases with the cytoplasmic domain of CD5
(Fig. 5A). As assessed by flow cytometry, the different cells expressed the various
forms of CD5 at comparable levels, except the 2G5 untransfected cells, which were
completely CD5 deficient (Fig. 5B). SDS-PAGE analysis of CD5 immunoprecipitated
from cell surface biotinylated cells confirmed that wild-type CD5 and CD5 mutants
were of the expected sizes (Fig. 5C, top panel). Using Y-2/178 antibody, CD5 was
immunoprecipitated from lysates and subjected to in vitro kinase assays. As
expected, the most prominent phosphoprotein in each lane corresponded to the CD5
polypeptides

at

their

respective

weights

(Fig.

5C,

2nd

panel),

except

(phospho)CD5.K384stop, which was not at all visible. While slight variations in band
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intensity result from the number of tyrosine residues present in each mutant (i.e. four
tyrosine residues in the full-length molecule, three in the H449stop mutant, and one
tyrosine in E418stop), the lack of detection of the CD5.K384stop mutant (one tyrosine)
suggests that the stretch of amino acids between 384 and 418 is required for the
association of protein tyrosine kinases that, at least partially, phosphorylate CD5.

Figure 5. Lck association and CD5 tyrosine phosphorylation require sequences of the
cytoplamic tail of CD5. (A) Scheme containing the aa sequences of the CD5 wild-type
molecule and truncation mutants used in this study. Shown in CD5.WT is the aa sequence
378
429
between residues 371 and 471 of the mature protein, with tyrosine residues Tyr , Tyr ,
441
463
stop
stop
Tyr
and Tyr
in bold. CD5 truncation mutants (CD5.K384 , CD5.E418
and
stop
CD5.H449 ) are named according to the amino acid, in which a premature stop codon was
stop
introduced. Mutant CD5.H449
contains 448 amino acids, 23 less than the full-length
stop
protein, and misses only the membrane distal tyrosine residue. Mutants CD5.E418
and
stop
CD5.K384
contain 417 and 383 aa respectively, and both include just the membrane
378
proximal Tyr . (B) Expression of CD5 in the indicated cell lines was measured by flow
cytometry of cells stained with anti-CD5 mAb, followed by FITC-labeled rabbit anti-mouse
antibody. Non-transfected 2G5 cells were used as control (grey filling). (C) Cell lines were
surface biotinylated, lysed in lysis buffer, and CD5 immunoprecipitated with Y-2/178.
Immunoprecipitates were either run in SDS-PAGE/Western and subjected to immunoblotting
with HRP-conjugated ExtrAvidin (top panel), or subjected to in vitro kinase assays. Half of the
CD5 immunoprecipitates in kinase assays were separated by 11% SDS-PAGE and visualized
nd
by exposure of Kodak BioMax MR films to the dried gel (2 panel). The rest of the CD5
immunoprecipitates were denatured in 2% SDS and reprecipitated with polyclonal anti-Lck or
anti-Fyn antibodies. Lck and Fyn reprecipitates were separated by SDS-PAGE, and signals in
dried gels were detected on films (lower panel). To confirm that Fyn can be reprecipitated in
the denaturing conditions used, Fyn immunoprecipitated from the different cell lines was
subjected to kinase assays, denatured, and reprecipitated using specific anti-Fyn polyclonal
antibodies.
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Lck is thought to be the tyrosine kinase that most efficiently phosphorylates
CD5 (2-4), therefore we used the CD5 immune complexes obtained from the kinase
reactions of the different cell lines, and attempted to re-precipitate Lck. As can be
seen in Fig. 5C (3rd panel), phosphorylated Lck was recovered from the immune
complexes from 2G5 cells reconstituted with full-length CD5 and the truncation
mutants E418stop and H449stop, but was not detected in 2G5 or 2G5/CD5.K384stop
cells. This suggests that Lck binds to the cytoplasmic tail of CD5 after Lys384 and,
confirming most previous reports (2-5), is likely to be a major kinase phosphorylating
CD5 tyrosine residues, including the SHP-1 binding site, Tyr378. This residue, the only
tyrosine present in mutants CD5.E418stop and K384stop, is phosphorylated when Lck
is present (former case), and not phosphorylated when Lck is not coupled to CD5
(latter case)(Fig. 5C). In these experiments, the time required for detecting
reprecipitated Lck in the autoradiographies was significantly longer than that needed
to detect phosphorylated CD5 (5-10 times), indicating that in resting cells the LckCD5 interaction is considerably week, albeit specific. By contrast, we were unable to
reprecipitate Fyn from the immune complexes of CD5.WT or mutants (Fig. 5C, 4th
panel). We confirmed that the lack of detection of Fyn was due to the lack of
association between CD5 and Fyn and not to a technical difficulty to reprecipitate
Fyn in the denaturing conditions used, as from Fyn immunoprecipitates subjected to
kinase reactions we were successful in recovering Fyn by reprecipitation (Fig. 5C,
lower panel)

The

tyrosine

kinase

responsible

for

the

CD5-induced

Fyn-phosphorylation

functionally interacts with the C-terminal end of CD5
We tested which of the truncated forms of CD5 could induce Fyn phosphorylation
following anti-CD5 antibody cross-linking. Initially, we used the cell line expressing
full-length CD5, 2G5/CD5.WT, and activation of these cells with the Y-2/178 antibody
recapitulated the CD5-induced phosphorylation of Fyn seen in JKHM cells (Fig. 6A,
top). Moreover, using lysates from 2G5/CD5.WT cells and analyzing the
phosphorylation of the C-terminal inhibitory tyrosine residue of Fyn, we were able to
confirm that this specific residue was phosphorylated following CD5 stimulation, with
an increase of over 10 fold within 2 min (Fig. 6A, middle panels). By contrast, the
phosphorylation of the C-terminal tyrosine of Lck did show a slight increase, but with
a much lower amplitude (2.5 times on 2 min; fig. 6A, lower panels). We went on to
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determine

whether

the

CD5

truncation

mutants

could

also

induce

Fyn

phosphorylation. Unexpectedly, not even the longest of the truncated isoforms of
CD5, i.e. 2G5/CD5.H449stop, was able to induce Fyn phosphorylation (Fig. 6B).
Similarly, Fyn was not phosphorylated in 2G5 cells expressing either CD5.H384stop
(Fig. 6B) or E418stop (not shown).
C-terminal Src kinase (Csk) is the only protein kinase known to phosphorylate
the C-terminal inhibitory tyrosine residues of Src-family kinases (20), so we
investigated whether Csk associates with the cytoplasmic tail of CD5. In Western blot
analyses we could find no evidence for a direct association of Csk with CD5, since
neither Csk was detected in CD5 immunoprecipitates, nor CD5 in Csk precipitates
(Fig. 6C). Thus, although the C-terminal end of CD5 is mandatory for Fyn
phosphorylation following antibody ligation, we were not able to establish a direct
interaction between CD5 and Csk.
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Figure 6. The tyrosine kinases responsible for CD5-induced Fyn phosphorylation, and
for CD5 phosphorylation interact with distinct sequences of the cytoplasmic tail of
CD5. (A) 2G5/CD5.WT cells were activated with the anti-CD5 mAb Y-2/178 for the indicated
time points at 37°C or incubated for 2 min with isotype-control antibody (time 0). Lysates were
subjected to anti-Fyn immunoprecipitation, followed by immunoblotting with the HRPconjugated anti-phosphotyrosine mAb 4G10, or with polyclonal Fyn. Additionally lysates were
531
505
run and blotted with polyclonal antibodies reacting with phosphorylated Tyr of Fyn or pTyr
of Lck. Lysates were also blotted with anti-Fyn and anti-Lck polyclonal antibodies, as controls.
stop
stop
(B) 2G5/CD5.H449
and 2G5/CD5.K384
cells were activated with CD5 mAb Y-2/178 for
the times indicated. Fyn was immunoprecipitated, IPs were immunoblotted using 4G10. In
parallel with the activation of mutant CD5-expressing cells (shown in stimulations from 0 to 30
min), 2G5/CD5.WT cells were treated in the same conditions (shown for the 2 min time point)
as positive control. 2G5/CD5.WT cells displayed a clear increase in Fyn tyrosine
phosphorylation, indicating that cells were properly stimulated. IP, immunoprecipitation; WB,
Western Blot. (C) JKHM cells were lysed, immunoprecipiated with Csk polyclonals or CD5
mAb Y-2/178, subjected to SDS-PAGE and immunoblotted with the indicated antibodies.
Arrows show the detection of CD5 and Csk. Empty lanes are indicated by “-”.
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CD5 associates with signaling effectors within lipid rafts upon antibody ligation
CD5 binding partners and effectors such as Lck and Fyn, among others, are reported
to associate with plasma membrane lipid rafts. Therefore we examined whether CD5
also segregated to these membrane microdomains following antibody ligation, and if
that translocation would favor CD5 interactions with the effector molecules. JKHM
cells were activated with anti-CD5 antibody for 10 min, or left undisturbed, following
which they were lysed in Triton X-100 and subjected to sucrose gradient
centrifugation. Fractions were collected and assayed by immunoblotting for the
presence of CD5, Lck, Fyn and Csk, and LAT was used as a rafts marker. Most of
CD5 translocated en masse from the soluble to the lipid raft fraction upon antibody
ligation, whereas there was no net movement of Lck, Fyn or Csk upon CD5 triggering
(Fig. 7A).
By immunoblotting and detecting CD5 from immunoprecipitates, we
confirmed that in resting cells virtually all CD5 is contained in the soluble fractions,
and that upon activation CD5 is split at similar amounts between the soluble and rafts
fractions (Fig. 7B, top panel). The CD5 immunoprecipitates were then subjected to
kinase assays to label the signaling molecules, following which the immune
complexes were denatured, run on SDS-PAGE in non-reducing conditions and
exposed to autoradiography. In the lanes corresponding to CD5 immune complexes
isolated from the soluble phase of non-activated (NS-Sol) as well as of activated cells
(Act-Sol), CD5 itself seems to be the dominant phosphorylated species, whereas no
phosphoproteins are evident from the NS-Raft set (Fig. 7B, bottom panel). In the lane
corresponding to the Act-Raft fraction, several phosphoproteins were visible,
suggesting that upon translocation to lipid rafts, CD5 is able to interact with raftsassociated phosphoproteins. We then attempted to identify by reprecipitation using
specific antibodies some of the proteins associating with CD5 in the different
fractions. Of the set of proteins we targeted, ZAP-70, Lck, Fyn, Csk, PAG and LAT,
none was detected in association with CD5 in the soluble fractions of either resting
(NS-Sol) or activated cells (Act-Sol)(Fig. 7C). CD5 was in fact the only
phosphoprotein detected in these fractions. In contrast, CD5 recovered from lipid
rafts (Act-Raft) associates with Lck, Fyn, PAG and LAT, but not with ZAP-70 or Csk
(Fig. 7C, left panel).
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Figure 7. CD5 associates with signaling effectors within lipid rafts upon stimulation!"" (A)
JKHM cells were stimulated with Y-2/178 (anti-CD5) or incubated with isotype-control
antibody (NS) for 10 min at 37°C. Subsequently, cells were collected, washed and lysed in
1% Triton X-100 lysis buffer. Cell lysates were prepared and subjected to sucrose density
centrifugation as described in Material and Methods. Equal volumes of the collected fractions
1 to 9 were separated by SDS-PAGE and immunoblotted with CD5, Lck, Fyn or Csk
antibodies. Immunodetection of LAT was used as indicative of samples enriched in rafts
fractions. Proteins were visualized by enhanced chemoluminescence. (B) Top panel, CD5
was immunoprecipitated from the different pools of cells, run on SDS-PAGE and
immunoblotted using anti-CD5 antibodies. Bottom panel, CD5 immune complexes from the
32
different sets were then subjected to in vitro kinase assays in the presence of [!- P]-ATP.
After denaturation, samples were run on SDS-PAGE in non-reducing conditions and exposed
to autoradiography. (C) CD5 complexes were disrupted by heat and reprecipitated with
polyclonal CD5, ZAP-70, Lck, Fyn, Csk, PAG and LAT antibodies. Following SDS-PAGE
using reducing conditions, radioactive products were visualized by exposure of dried gels to
Kodak BioMax MR films. An arrow indicates phosphorylated CD5.
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CD5 stimulation prevents signaling module disassembly
Summarizing, we have shown that antibody-mediated stimulation of CD5 induced a
significant decrease in the activity of Fyn, caused, at least partially, by the
phosphorylation of the Tyr531 inhibitory tyrosine residue. However, we were not able
to show a direct interaction of CD5 with Csk. This may point to the existence of a
second kinase that, associating with the cytoplasmic tail of CD5, phosphorylates the
C-terminal tyrosine of Fyn. It is however possible that Csk is still the major enzyme
involved, and that the interaction with CD5 is not direct or has a complex mechanism
of regulation.
In resting T cells, Csk is bound via its SH2 domain to the constitutively
phosphorylated tyrosine 317 residue of the membrane-bound adaptor PAG (21). This
phosphorylation is kept under equilibrium, controlled by the kinase activity of Fyn,
and the activation loop is switched-off, as follows: Fyn phosphorylates PAG-Tyr317,
this phosphorylation allows the docking of Csk, which in turn phosphorylates Fyn at
its C-terminal inhibitory tyrosine, leading to a decrease in Fyn activity (22, 23). In the
onset of T cell activation, TCR engagement and signaling leads to the rapid
dephosphorylation of PAG, Csk is displaced from this membrane bound adaptor, Fyn
(as well as Lck) is no longer phosphorylated at the C terminus and thus becomes
active, all concurring to the release from tonic inhibition of T cell activation (24).
However, 3 to 5 minutes later the PAG-Csk complex reassembles and activation is
terminated.
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Figure 8. CD5 stimulation induces PAG dephosphorylation and PAG-Csk dissociation.
(A) JKHM cells were incubated with the CD5 mAb Y-2/178 for 2 min or 10 min, or with
isotype-control antibody for 2 min (NS). Subsequently, cells were collected, fixed and
permeabilized for 30 min at 4°C. For flow cytometric analysis, cells were stained with anti317
pPAG(Tyr ) antibody, followed by FITC-labeled anti-rabbit. Histograms are from one of three
independent experiments, and graphs shown the mean values and standard deviation of the
317
variation of PAG-Tyr
phosphorylation, relative to time 0, from the three experiments. (B)
317
Detection of pPAG(Tyr ) was also performed by immunoblotting. Following CD5 activation,
cells were lysed, lysates were run on SDS-PAGE and immunoblotted with antibodies
317
317
recognizing the Tyr
residue of PAG, and total PAG. The x-fold decrease of PAG(Tyr )
phosphorylation was evaluated by densitometric analysis, corrected for the densitometric
values of the PAG Western blotting, and is indicated as values under the panels. (C) JKHM
cells were stimulated with anti-CD5 (Y-2/178) or anti-CD3 (OKT3) for the indicated time
periods at 37°C and lysed in lysis buffer. PAG immunoprecipitates were resolved by 7.5%
SDS-PAGE and immunoblotted with anti-Csk polyclonal antibody, or with anti-PAG as loading
control. The x-fold modulation of PAG-associated Csk was evaluated by densitometric
analysis, corrected for the densitometric values of the PAG Western blotting, and is indicated
as values under the panels. IP, immunoprecipitation; WB, Western Blot.

Given that CD5 associates with both Fyn and PAG in lipid rafts, and that CD5
stimulation results in the C-terminal phosphorylation of Fyn and the down-regulation
of its activity, we questioned what effect could triggering of CD5 cause to the level of
phosphorylation of PAG, and to the PAG-Csk interaction. Following stimulation of
JKHM cells with CD5 antibodies, the level of phosphorylation of PAG-Tyr317
decreased significantly, as detected cytometrically (Fig. 8A) as well as by
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immunoblotting (Fig. 8B), using anti-phospho-PAG antibodies specific for Tyr317. We
therefore tested whether or not CD5 stimulation and PAG dephosphorylation resulted
in the release of Csk from the PAG adaptor. JKHM cells were stimulated with Y2/178 antibody, or with OKT3 to invoke full activation. Cell lysates were subjected to
immunoprecipitation with PAG-C1 antibody, and the immune complexes analyzed by
immunoblotting with a Csk polyclonal antibody. As shown in Fig. 8C, stimulation with
OKT3 resulted in the rapid release of Csk from PAG, as reported (21, 26), but there
was a fast reassembly of the complex 2 min after activation. On the other hand, CD5
stimulation resulted in the gradual, and only ever partial, dissociation of Csk from
PAG.
In toto these observations suggest that following direct ligation, CD5 is
targeted to lipid rafts where it associates with both Fyn and PAG. As there is no
abrupt displacement of Csk from PAG, CD5-associated Fyn is positioned close to the
PAG-Csk complex, is phosphorylated by Csk, and its activity is progressively downmodulated. However, the residual activity of Fyn that we detect is enough to keep
PAG-Tyr317 sufficiently phosphorylated to retain Csk, and keep the Csk/PAG/Fyn
complex in an inactive mode. Thus, through this regulatory mechanism, CD5 further
contributes to signaling inhibition

1.4

Discussion

CD5 belongs to the group B of the SRCR family of extracellular receptors and
secreted glycoproteins that also include CD6, CD163, M160, DMBT1, Spa, SRCR4D and SSc5D (27, 28). Although some of these proteins have been associated with
specific leukocyte functions, a unifying role for the ensemble of this family of proteins
has not been uncovered. CD5 inhibits T-cell activation and differentiation without
decreasing APC/T-cell adhesion or interfering with immunological synapse formation
(29). Instead, CD5 associates with signaling inhibitors, of which the most relevant
appears to be the SHP-1 phosphatase (6, 8-10). Binding of SHP-1 to CD5 was
mapped at the Tyr378 residue of CD5 (6), but the fact that CD5 mutants that do not
contain this residue still retain the capacity of inhibit signaling (30, 31) implies that
SHP-1 is not the only inhibitory effector of CD5. Other molecules such as rasGAP
and Cbl are likely to contribute to the role of CD5 as a signaling attenuator as well (6,
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8, 11, 12). Our results support the idea that CD5 may also inhibit cell activation
through

a

parallel

and

previously

undescribed

mechanism

involving

the

phosphorylation of Fyn at the C-terminal inhibitory tyrosine, thus reducing the activity
of this kinase.
An interaction between CD5 and Fyn may be facilitated by the net movement
of CD5 to lipid rafts. These membrane microdomains are heterogeneous (32) and
highly mobile (33), and receptors such as CD5 may serve as scaffolds that allow
distinct types of rafts and their components to interact (34). CD5 associates with CD2
and with the TCR (8, 35), and these two surface receptors signal via Src kinases in
the context of lipid rafts (18, 36).
Activation of CD5 results in Fyn phosphorylation at Tyr531. In T cells, the
phosphorylation of the C-terminal inhibitory tyrosine residues of the Src family
kinases Lck and Fyn is controlled by the opposing activities of the transmembrane
phosphatase CD45, and Csk (37). TCR phosphorylation and ensuing T cell activation
may in fact be set off simply by changing the phosphorylation equilibrium through the
inhibition of cellular phosphatases (38). Nevertheless, phosphorylation of the Cterminal inhibitory tyrosine residue per se does not necessarily imply an obligatory
repression of the kinase. In resting T cells, a significant proportion of Lck is kept
permanently active, despite being phosphorylated on the C-terminal tyrosine, and
changes in phosphorylation status do not always correlate with changes in activity
(39, 40).
Notwithstanding the complexity of Src family kinase regulation, our own
observation that upon CD5 activation the activity of Fyn decreases nearly by half
strongly supports that Fyn phosphorylation at the C-terminal tyrosine contributes to
CD5-mediated inhibition. On the other hand, although we did not find major changes
in the activity of Lck upon CD5 triggering, a role for Lck in the CD5-mediated
inhibition should not be ruled out. Lck still appears to be the main kinase
phosphorylating CD5, and is possibly via phosphorylation of the last tyrosine residue
of CD5, Tyr463, that the phosphorylation of Fyn is regulated. CD5 can interact with
Lck, and the cytoplasmic domain of CD5 appears to be responsible for the
association. Using a series of CD5 truncation mutants, we show that the region
between amino acids Lys383 and Ala417 is sufficient for the association with Lck.
Interestingly, the relevant mutant, CD5.E418stop, does not contain the tyrosine
residue (Tyr429) assumed to be the docking site for the SH2 domain of Lck. Thus,
without ruling out a possible role of Tyr429 in the Lck-CD5 association, we conclude
that Lck can bind to CD5 through a tyrosine-independent mechanism.
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The distal region of the cytoplasmic domain of CD5 (aa 449-471) is required
for the phosphorylation of Fyn. As Csk is the only kinase known to perform this task,
we anticipated that CD5 could associate with Csk and, when brought to the vicinity of
Fyn, would promote Fyn inhibitory phosphorylation. However, we have not been able
to detect such association between CD5 and Csk. It is possible that an indirect
interaction of CD5 with Csk occurs, perhaps mediated by an adaptor that binds the
distal part of the CD5 tail. However, a further possibility, which we favor, is that CD5
couples Fyn to the regulation of the Csk-PAG interaction, which then feeds back to
the inhibition of Fyn.
In resting T cells, through the interaction with PAG, Csk is maintained at high
levels of activity, necessary for inactivating the Src-family kinases (26, 41, 42).
According to the current models (23), upon TCR-mediated activation, cellular
phosphatases dephosphorylate the Csk-docking tyrosine of PAG (Tyr317), resulting in
the release of Csk to the cytoplasm. Interruption of the Csk-PAG association results
in the abrupt decline of phosphorylation of the C-terminal inhibitory residues of Lck
and Fyn, which become active to sustain a burst of phosphorylation reactions,
leading to full-scale cellular activation. Active Fyn is then able to induce the
phosphorylation of PAG-Tyr317, concurring to the down-modulation phase of the
response.
It seems that CD5 may inhibit early TCR signaling via several routes involving
ZAP-70. For example, CD5 may associate with SHP-1, which might directly
dephosphorylate ZAP-70, inhibiting its activity (43, 44). In parallel, CD5 may inhibit
Fyn, which is also important for the activation of ZAP-70 (25). The convergence of
these pathways may ensure effective control of this pivotal signaling molecule.
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The localization of CD5 at the immunological synapse
is controlled by sequences within its cytoplasmic tail
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2.1

Introduction

The encounter between an antigen-presenting cell (APC) and a T cell leads to the
initiation of the adaptive immune response. The APC expresses a cognate peptide in
the context of the MHC that can be recognized by the T cell receptor (TCR). The
contact zone formed between the two cells is called the immunological synapse (IS)
(1-3). The IS is a structure characterized by the assembly of a supramolecular
complex that includes many different surface receptors (such as CD3, CD2, CD28,
LFA-1 among others) (4) as well as the recruitment of intracellular molecules (such
as ZAP-70, Lck, Fyn, SLP76, PI3K among others) that have important roles in all the
signaling pathways indispensable for T cell activation. The membrane glycoprotein
CD5, which belongs to the Scavenger receptor cysteine-rich superfamily (SRCR) (5,
6), is one of the molecules that was shown to accumulate in the IS during antigen
recognition (7). Although a definitive function has not yet been fully uncovered,
several lines of evidence support an important role for CD5 in thymocyte selection
and T cell activation. CD5 is considered to be one of the molecules that contributes
to set the threshold of positive and negative selection in the thymus (8-10). Initial
experiments stimulating CD5 with the use of monoclonal antibodies suggested a costimulatory attribute in lymphocyte signaling (11-13). Nevertheless generation of
mice deficient in CD5 clearly revealed an inhibitory role for CD5, conferring a
hyperresponsive phenotype to thymocytes and peripheral T cells when they are
stimulated through their TCR (14, 15).
As the physiological ligand for CD5 has not been yet established, despite
considerable efforts (16-19), it is still unclear how CD5 can exert its inhibitory effect.
The contribution of CD5 in signaling events has been investigated in order to dissect
the tyrosine/serine/threonine phosphorylation pattern of the cytoplasmic tail of CD5
after stimulation of the T cell (20-24). Shown to localize to different human and
murine IS (7, 25), CD5 is also known to exert its inhibitory effect at the synapse
through its pseudo-immunoreceptor tyrosine-based activation motif (ITAM), rather
than having a role in IS formation or stability (25). The important regulatory role of
CD5 has been emphasized by the known associations with antigen-specific receptor
and other important surface receptors (TCR, CD4 or CD8, CD9, CD6 and CD2) (2629) as well as with the many different signaling effector molecules that have been
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reported to interact with the cytoplasmic tail of CD5 (Lck, PI3-kinase, Ras-GAP, cCbl, SHP-1, ZAP-70) (27, 30-34).
In summary, the T cell surface glycoprotein CD5 targets to the IS upon T cell
binding to APC, but it has not been established whether this translocation is due to
the binding of a ligand expressed in the APC or to intracellular interactions with
signaling molecules or components of the cytoskeleton, or both. In order to dissect
the molecular mechanisms responsible for the CD5 localization in the IS and the
CD5 role in T-cell activation we have identified key motifs in the CD5 cytoplasmic
domain. To determine which domains could play a role in the synapse distribution of
CD5 we have used Jurkat cell lines stably expressing different CD5 mutants and
analyzed the localization of CD5 by immunofluorescence microscopy. Interestingly,
when the ligand is not present, CD5 is still able to translocate to the IS, but this
movement is dependent on specific sequences of its cytoplasmic tail. Our results
suggest that, notwithstanding a role for the extracellular domain binding to an elusive
APC-expressed ligand, a mechanism for the regulation of CD5 translocation is
dependent on molecular interactions established by the CD5 cytoplasmic tail.

2.2

Materials and Methods

Cells and cell lines
Human primary T cells were isolated from peripheral blood by centrifugation on a
Ficoll gradient followed by negative depletion on magnetic beads (T cell-negative
isolation kit; Dynal Biotech), or using the RosetteSep human T cell enrichment
mixture (StemCell Technologies), where indicated. Cell lines THP-1 (35), Raji (36),
the CD5-deficient JTag (37), 2G5 subclone (38), as well as 2G5 lines stably
transfected with wild-type and cytoplasmic mutant human CD5 molecules (20, 38).
Cell lines were maintained in RPMI 1640, supplemented with 10% FCS, 1 mM
sodium pyruvate, 2 mM L-glutamine, penicillin G (50 U/ml) and streptomycin (50
µg/ml). Human embryonic kidney HEK293T cells (39) were grown in at 37°C in a 5%
CO2 humidified incubator, in Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum, 5 mg/ml glucose, penicillin (100 U/ml), streptomycin streptomycin
(50 µg/ml) and 200 mM L-glutamine.
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Antibodies and Reagents
Monoclonal antibodies used were anti-CD5-Y-2/178 (40), a kind gift from J. Cordell
and D. Y. Mason (John Radcliffe Hospital, University of Oxford, Oxford, UK), FITClabeled UMCD6 (41), anti-CD166 (CD166-3A6) (42) (BDPharmingen), anti-CD3
(UCHT-1). Polyclonal antibodies used were rabbit anti-mouse Alexa568 from
Invitrogen and rabbit anti-mouse FITC from DakoCytomation. A recombinant protein
used was CD5 (obtained as described in Chapter IV) produced in tetrameric form.

Constructs
!
Full-length cDNA of human CD5 or for a truncation mutant with no cytoplasmic tail,
CD5TM were amplified from plasmid templates and cloned after EcoRI digestion into
the pEGFP-N3 vector (Clontech Laboratories, Palo Alto, CA) in-frame with the Nterminal sequence of the green fluorescent protein.
To make the desired deletion of the pseudo-ITAM motif (YSQPPRN
SRLSAYPAL) in the CD5 cytoplasmic domain, mutagenic oligonucleotides were
used according to the manufacturer’s protocol of the Quick Change site-directed
mutagenesis kit (Stratagene, La Jolla, CA), and using CD5-murine stem cell virusretroviral vector as a template. The construct was verified by DNA sequencing.
A lentiviral expression vector based on pHR-SIN (43) already encoding an
IRES sequence and citrine downstream of the insertion site was used. CD5 wild-type
and mutants were amplified from plasmid templates and cloned into this vector using
the BamHI and XhoI restriction sites. Final constructs were checked by sequencing.

Lentiviral transduction of cell lines
!
HEK-293T cells were transiently transfected with pHR-SIN vector constructs,
together with pMD.G and p8.91 lentiviral vectors (44) in 6-well plates using
Genejuice™ (Merck, Darmstadt, Germany) according to the manufacturer’s
instructions. Supernatant was harvested at 48-72 hours after transfection and
centrifuged at 1,800x g for 5 minutes at RT to remove cell debris. 1x106 cells in 0.5
ml JMEM (10% FCS 2% L-glutamine, 1% Pen/Strep/Neo, 1% Hepes and 1% Sodium
Pyruvate in RPMI 1640) were transduced with this supernatant overnight.
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FACS analysis
For the detection of surface receptors, cells were washed and resuspended in PBS
containing 0.2% BSA and 0.1% NaN3 (PBS/BSA/NaN3), at a concentration of 5 ! 106
cells/ml. Fluorescence for 10,000 live cells was collected on a FACSCalibur (BD
Bioscience California, USA) and the data were analyzed using FlowJo software
(Treestar, Ashland, OR). Histograms of citrine expression of these cells were
produced and their median fluorescence in each channel was used for data analysis.

Cell transfections
Transient transfections of primary T lymphocytes were performed with 5 !g of either
CD5WT-GFP/pGFP-N3

or

CD5TM-GFP/pGFP-N3

(mutant

from

which

the

cytoplasmic tail was removed) plasmids using the Human T cell Nucleofector kit
(Amaxa), and T cells were maintained in complete medium at 37 ºC and used 24 h
posttransfection.

Conjugate formation and fluorescence analysis
Raji B cells were incubated with a mix of superantigens (staphylococcal enterotoxin
A (SEA), SEB, and SEC3, 200 ng/ml each; Toxin Technologies) or just with
superantigen SEE (1 !g/mL; Toxin Technologies) and plated on poly-D-lysine-coated
glass coverslips for 30 min at 37°C. T cells or Jurkat cells were added to APCs and
then incubated at 37°C for 45 min to promote interactions. Cells were fixed with 4%
paraformaldehyde in PBS for 10 min and washed several times with PBS before
analysis. Where indicated, T cells were then incubated, for 30 min at 4°C, with the
anti-CD5 mAb Y2/178, and Raji B cells preincubated with 3A6 (CD166), all at 10
µg/ml, or left untreated. The secondary antibody used was rabbit anti-mouse (RAM)FITC (F(ab’)2 (DakoCytomation). Immunofluorescence and transmission light images
were acquired on an Axiovert 200M (Carl Zeiss, Germany) equipped with an
AxioCam MR 2.0 (Carl Zeiss, Germany) and Axiovision 4.6 software (Carl Zeiss,
Germany). All images were analyzed using the NIH-Image J 1.40g software as
shown. Conjugate formation and synapse localization of CD5 or CD6 were quantified
with blind scoring, counting a minimum of 50 productive conjugates in each of two or
more experiments, and each experiment was observed by two examiners.
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2.3

Results

The presence of a ligand in the APC is determinant for the translocation of CD6, but
not of CD5, to the immunological synapse.
We have investigated the requirements for CD5 to localize at the immunological
synapse, namely the domains involved and the molecular interactions established.
Many T cell surface receptors localize at the synapse due to their interactions with
counter-receptors expressed in the presenting cell, as is the case of CD2 binding to
CD58 (45). The physiological ligand of CD5 has not been yet established, therefore it
is not clear whether CD5 translocates to the synapse because it interacts with a
counter receptor or whether it is co-transported by other T cell components. CD6, a
closely related molecule also belonging to the SRCR superfamily (46), was shown to
accumulate at the IS in Jurkat T-cells (47). The well described physiological ligand
for CD6 is CD166 (48), which is widely express in different cell lines, namely in the
Raji B cell line (47), therefore it is expected that in T cell:Raji conjugates human CD6
will interact with human CD166. To confirm that this translocation of CD6 to the
synapse is due to its binding to CD166, we evaluated, through immunofluorescence
the localization of CD6 in the T:Raji interface. As expected CD6 relocalized at the
contact zone upon conjugate formation in the large majority of the contacting cells
(Fig. 1A, left panel). Nevertheless, when Raji (CD166+) cells were incubated with a
CD166 mAb, already shown to block the interaction with CD6 (49), a considerable
reduction of the conjugates with CD6 translocated to the synapse was observed (Fig.
1A, right panel). In the case of CD6 we could conclude that the presence of CD166 in
the APC was the driving force for the translocation of CD6 to the IS.
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Figure 1. The presence of a potential ligand in the APC is determinant for the
translocation of CD6 to the IS but not of CD5. (A) Ab-blocking interference of the CD6ligand interaction on the localization of CD6 at the IS. Before incubation of T lymphocytes with
superantigen-pulsed Raji B cells, these were treated with anti-CD166 mAb (CD166-3A6).
Cells were fixed after 45 min of interaction. The localization of CD6 was performed by
immunolabeling with UMCD6-FITC. Labeled CD6 is shown in red. (B) Immunological synapse
formed between superantigen-pulsed THP-1 (CD5-ligand positive) and Jurkat cells
expressing CD5 (left panel) or superantigen-pulsed Raji (CD5-ligand negative) and CD5expressing Jurkat cells (right panel). Cells were fixed after 45 min of interaction. CD5 is
shown in red (immunolabeled with Y2/178 coupled with Alexa 568), and is translocated to the
immune synapse regardless of whether the contacting APC expresses or not the CD5 ligand.
Results are from three independent experiments, with a minimum of 50 productive conjugates
considered per experiment.

We then questioned whether the dependence on a physiological ligand for
localization at the synapse was a feature also of CD5, so we decided to investigate
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the behavior of CD5 upon synapse formation when the ligand was present or absent
from the APC. As a physiological ligand for CD5 is still not known, we used a
sensitive technique, CD5-tetramer labeling followed by flow

cytometry, to

discriminate from cells that express a CD5 ligand from those that do not express any
ligand for CD5 (described in Chapter IV). As an accumulation of human CD5 at the
IS has been previously reported in a number of different cell conjugates (25), we
have tested two different cells lines, THP-1, a monocytic cell line, shown to express
CD5-ligand, and Raji, a B cell line, shown to be negative for a potential ligand
(Fig.1B, lower panel). As expected, when the ligand is present at the surface of the
APC we observed a translocation of CD5 to the contact zone upon synapse
formation (Fig.1B, left panel). Interestingly, with the APC negative for the CD5-ligand
the re-localization of CD5 upon synapse formation is still clearly observed (Fig.1B,
right panel).

Translocation of CD5 upon immunological synapse formation depends on sequences
within its cytoplasmic domain.
These findings lead us to question whether the localization of CD5 at the interface
between T cells and :APCs could be due to its intracellular domain. For this
experiment, the formation of conjugates was performed using primary T cells,
isolated from whole blood, in contact with Raji B cells used as APC. Human CD5 has
been shown to accumulate at the IS in Jurkat-Raji cell conjugates (25). We were
therefore interested in understanding whether the intracellular domain of CD5 might
have a role in mediating its translocation to the IS. To determine this we have
transfected human blood T lymphocytes with constructs encoding CD5 mutants, as
GFP fusion proteins, and followed their movement in T cells interacting with APC
(Fig.2A).
Interestingly, our results show that the translocation of CD5 depends on
sequences within the cytoplasmic domain, as a CD5 mutant devoid of most of the
cytoplasmic tail does not translocate to the IS upon T cell:APC conjugation, whereas
full–length CD5 localizes at the interface (Fig.2B).
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A

B

CD5-GFP

CD5TM-GFP

C

Figure 2. Localization of CD5 at the IS of T cells with CD5-ligand negative APCs is
dependent on the cytoplasmic tail of CD5. (A) Structure of the constructs used to
transiently transfect T lymphocytes. A pEGFP-N1 vector was used to insert a full-length
sequence of CD5 (CD5-GFP) and a mutant with only the first 5 residues of the cytoplasmic
tail (CD5-TM) (B) Immunological synapses formed between superantigen-pulsed Raji B cells
and T cells expressing CD5-GFP (left panel) or tailless CD5 (CD5TM-GFP, right panel). Raji
cells were pulsed with 1 !g/ml of a superantigen mix prior to incubation with the transfected T
cells. Cells were fixed after 45 min of interaction. Labeled CD5 is shown in green. (C)
frequency of cells translocating CD5-GFP and CD5TM-GFP to the IS in T cells forming
conjugates with Raji cells. Results are from three independent experiments, with a minimum
of 50 productive conjugates considered per experiment.

A cytoplasmic sequence controlling the translocation of CD5 to the contact zone is
present between amino acids Glu418 and His449.
We took advantage of a Jurkat cell line variant negative for CD5 expression, 2G5,
and reconstituted cells having the wild-type CD5 protein (2G5/CD5.WT), or the CD5
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truncation mutants CD5.K384stop, CD5.E418stop and CD5.H449stop, expressed at the
cell surface, to investigate the role of the different cytoplasmic segments in the
translocation of CD5 (Fig. 3A).
We observed that a CD5 deletion mutant lacking most of the cytoplasmic tail,
CD5.K384stop, is randomly distributed through the whole cellular surface, even in
sustained interactions between T cells and APC (Fig. 3B, C). Furthermore, we have
mapped the motif important for the CD5 translocation as a sequence between amino
acids Glu418 and His449. The CD5 mutant, CD5.H449stop, just short of 22 residues
but still comprising three of the four tyrosine residues present in CD5 cytoplasmic tail
is still able to translocate to the IS, whereas the CD5.E418stop mutant, that has only
the membrane proximal tyrosine residue, is no longer transported to the synapse
upon T cell:APC interactions (Fig. 3B, C).

The pseudo-ITAM sequence present at CD5 cytoplasmic domain specifically
determines CD5 ability to relocalize at the contact zone formed between the two
cells.
Among the four tyrosine residues present in CD5 cytoplasmic tail, tyrosines Y429
and Y463 are known to become highly phosphorylated in activated T cells (22, 24).
On the other hand, tyrosine residues Y429 and Y441 are part of the pseudo-ITAM
motif present in the CD5 intracellular domain. This motif was shown to be important
for the inhibitory effect of CD5 in both B and T cells (21, 25). Since our results
demonstrate that the deletion mutant where a part of cytoplasmic tail including the
pseudo-ITAM is the one that loses the ability to be recruited upon synapse formation,
we have decided to further investigate the specific motifs dictating this migration
pattern of CD5. For that, we produced a set of new constructs in the pHR plasmid to
induce protein expression through lentiviral infection. Full-length CD5 and a CD5
mutant with complete loss of the cytoplasmic domain were designed, as well as an
additional mutant where the sequence comprising the pseudo-ITAM domain was
deleted, and two further constructs where each of the tyrosine residues 429 and 441
were individually substituted by phenylalanines (Fig. 4A). To track CD5 distribution at
the cell surface, a fluorescent protein (mCitrine, a monomeric YFP variant) was fused
to the C-terminus of the CD5 mutants. Protein expression of the chimeric proteins
was confirmed by FACS (Fig. 4B) in JTag cells stably expressing these proteins after
lentiviral infection with the appropriate plasmids.
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A

B

C

Figure 3. CD5 cytoplasmic tail truncation mutants localize differentially upon IS
formation. (A) Schematic representation of wild-type and cytoplasmic tail-truncated CD5
stop
stop
molecules expressed in Jurkat cells. CD5 truncation mutants (CD5.K384 , CD5.E418
stop
and CD5.H449 ) are named according to the amino acid in which a premature stop codon
was introduced, and its position in the wild-type sequence. (B) Immunological synapse
formed between sAg-pulsed Raji B cells and the Jurkat cells expressing CD5 mutants
stop
stop
stop
(CD5.WT, CD5.H449 , CD5.E418
and CD5.K384 ). CD5WT and mutants were
immunolabeled with an anti-CD5 mAb (Y27178) and polyclonal RAM-FITC. Cells were fixed
after 45 min of interaction. Labeled CD5 is shown in green. (C) Bar charts represent CD5
accumulation at the IS in the Jurkat cell line expressing the different isoforms. Results are
from three independent experiments, with a minimum of 50 productive conjugates considered
per experiment.
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!

Figure 4. Establishing stable cell lines expressing CD5 mutant proteins for imaging (A)
one copy of mCitrine was fused to the C-terminus of the mutant CD5 molecules under
analysis, the constructs being inserted into the pHR plasmid. (B) Lentiviral mediated delivery
of the pHR plasmid was used to drive the expression of CD5-citrine (red), CD5"ITAM-citrine
(blue), CD5Y429F-citrine (orange), CD5Y441F-citrine (pink) and CD5TM-citrine (green).
FACS using emission from the mCitrine as readout confirmed similar expression of these
proteins.

Similarly to what was observed with the previous truncation mutants, and
although the infected Jurkat cells are still able to form mature synapses, revealed by
the translocation of CD3 to the contact zone (Fig. 5A, center panels and (50)), the
total loss of the CD5 cytoplasmic domain impairs its relocalization to the IS (Fig. 5A,
right panels, first vs second row). When we specifically deleted only the pseudoITAM sequence, again no translocation of CD5 to the IS could be observed (Fig. 5A,
bottom-right panel).
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A

B

Figure
5.
Deletion mutants identify a specific sequence that controls CD5
translocation to the IS. (A) JTag cells (CD5 negative) were stably infected with a lentiviral
plasmid encoding the different CD5 mutants sequences. Localization of CD5 and CD3 in
Jurkat:Raji-fixed conjugates (Raji cells pulsed with 1 !g/mL of SEE before interaction). Cells
were fixed after 45 min of interaction. Cells expressing CD5 mutants with the citrine tag were
immunolabeled with an anti-CD3 mAb (UCHT-1). (B) Quantification of the number of cell
conjugates displaying CD5 at the IS. Results are from three independent experiments, with a
minimum of 50 productive conjugates considered per experiment.

On going studies using the mutants with point mutations for the tyrosine
residues present in the pseudo-ITAM sequence will further clarify the potential
mechanisms by which CD5 is recruited upon synapse formation.
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Kinetics of the translocation of wild-type CD5 and CD5 mutants reveal the
importance of the pseudo-ITAM sequence in retaining CD5 at the immunological
synapse.
It is known that during the orchestrated immunological synapse formation there are
changes in the spatial distribution of the T cell signaling effector molecules and this
reorganization comprises events in a time frame that goes from brief seconds to
hours or even days (51, 52). Knowing this we decided to compare the spatial and
temporal mobility profiles of the CD5 mutant lacking the pseudo-ITAM domain,
CD5"ITAM, with CD5 wild-type, since it was already shown by others that after 15
minutes of interaction most of cellular CD5 is relocated to the contact zone and
remains there for at least 1 hour (25). In our results, we noticed that, as already
described, CD5 wild-type accumulates at the IS after 6-12 minutes of cell-cell contact
and remains in this region for at least 45 minutes (Fig. 6, lower panels). However,
analysis of the distribution of CD5 devoid of the pseudo-ITAM sequence reveals that
although at an early stage CD5 translocates to the contact zone and is retained there
for a short period of time, in later stages we observed its delocalization and diffusion
to the whole of the cell membrane (Fig. 6, upper panel).

Time (min)

-6

0

6

12

24

48

CD5"ITAM

CD5WT

Figure 6. Kinetics of CD5 relocalization to the IS after sAg recognition. Raji cells
incubated with sAg were plated and allowed to adhere following addition of the interacting
Jurkat cells. Series of photographs showing the recruitment of CD5 to the contact zone upon
time, taken from the moment Jtag cells were added to the plate. Time zero corresponds to
contact formation.
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2.4

Discussion

CD5 comprises specific features that may be translated into important roles in T cell
activation. The three SRCR domains that compose its extracellular domain may be
responsible for the interaction of CD5 with other T cell molecules or potential ligands
at the APC surface (6). Furthermore, if we analyze the CD5 intracellular domain it
becomes clear that the cytoplasmic tail of this molecule contains four tyrosine
residues that potentially constitute important signaling motifs. The amino acid
sequence neighboring Y429 and Y441 resembles an ITAM, with only one residue
differing from the ITAM consensus sequence (31), and the membrane proximal
residue Y378 as well as Y441 are contained within an ITIM (33). The results here
described emphasize the importance of these motifs present in the CD5 cytoplasmic
tail. !
Previous reports suggested that CD5 delivers negative signals (14, 15). More
specifically it was shown that this inhibitory role is observed during the formation of
the T cell-APC contact zone, the immunological synapse (25). Interestingly once the
pseudo-ITAM from the cytoplasmic tail is deleted, the inhibitory effect of CD5 is
abolished (21, 25). It is known that at the specialized contact area that is the IS,
proteins establish diverse interactions that play important roles in the initiation and
maintenance of a dense net of signaling pathways (50, 53). We have focused our
studies on understanding the requirements of CD5 translocation to the cellular
interface formed upon T cell recognition of APC.
The results described in this chapter indicate that the translocation of CD5 to
the synapse occurs independently of the presence of any CD5 ligand on the APC
surface (Fig. 1), and that truncations in the cytoplasmic tail affect this ability (Fig. 2
and 3). Moreover and more specifically, this is dependent on key cytoplasmic domain
residues (Fig. 5). The domain that resembles an immunoreceptor tyrosine-based
activatory motif is the one dictating the fate of CD5 through the T cell activation
process. Specific mutants corresponding to tyrosine-to-phenylalanine point mutations
for each tyrosine residue present in CD5 cytoplasmic tail are yet to be tested. Early
studies showed that CD5 can be rapidly recruited to the contact zone in a Agindependent manner (25) which unveils a function for CD5 in early T cell activation
even before an IS is completely formed (54).
Nevertheless, to stabilize and increase the prevalence of CD5 at the IS, Agdependent signals are necessary. It has been established that only at later time
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points (~30 minutes) a mature immune synapse is formed (50). In our experiments
cells were allowed to interact for 45 minutes before fixation. This might be a limitation
of our strategy since a global analysis including different time frames is indispensable
for a better understanding on the dynamics of CD5 movement at the membrane.
Hence, our later and preliminary studies go against the previously established facts
and interestingly clarify this subject. As seen in Fig. 6, lower panel, CD5 is able to
migrate to the contact zone in early cell-to-cell contact and remains there until as
long as a mature IS is maintained. A somewhat puzzling observation, however, is
that, although CD5 is a very potent down-modulator of TCR signaling, it achieves this
effect without having to co-localize with the TCR at the IS. CD5 is rapidly
phosphorylated upon T cell activation, and it was observed that key tyrosine residues
present in the cytoplasmic tail are responsible for the inhibitory function of CD5 (25).
Surprisingly, the studies here described indicate that the same key sequences are
also responsible for its synaptic localization in a mature IS. A kinetic study of the
behavior of mutant form of CD5 with a deletion mutant for the pseudo-ITAM, allowed
us to observe that in fact, although at an early stage of T cell activation CD5 is still
able to be recruited to the IS, at later stages of T cell activation the absence of this
motif eliminates CD5 localization at the IS, showing that the pseudo-ITAM sequence
controls the synaptic CD5 retention during T-cell activation.
These findings suggest that intracellular molecules capable of binding to
phosphorylated tyrosine residues are likely responsible for the synaptic localization of
CD5 and/or for its inhibitory activity. Identification of these tyrosine phosphatebinding proteins is still to be fully completed. The most obvious candidates are
signaling molecules possessing SH2 domains, the protein modules that are
responsible for key intracellular protein-protein interactions regulated by tyrosine
phosphorylation. Although the studies we described do not exclude a role for the
CD5 extracellular domain in interactions with an elusive APC-expressed ligand for
the translocation of this protein to and from the IS, they suggest that the behavior of
CD5 at the membrane of T lymphocytes upon T-cell activation is dependent on the
molecular association of the CD5 cytoplasmic domain with intracellular signaling
proteins and signaling mechanisms.
The interaction of intracellular signaling effectors with CD5 during antigen
presentation has not yet been extensively assessed, nor have putative protein
modifications of CD5, such as phosphorylation, been fully addressed thusfar. The
identification of potential proteins able to interact with CD5 cytoplasmic domain and
how these might contribute to the behavior of CD5 here described are the major
focus of the work described in Chapter 3.
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3.1

Introduction

CD5 is considered to have an inhibitory role in T-cell signaling based on the phenotypes
of CD5-deficient mice (1), however the precise mechanism of CD5-mediated inhibition has
not been fully clarified. The cytoplasmic domain of CD5 contains four tyrosine residues (at
positions Y378, Y429, Y441 and Y463), three of which are potentially embedded into
known tyrosine-based phosphorylation motifs. Tyr378 is within an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and the amino acid sequence encompassing Tyr429
and Tyr441 resembles an immunoreceptor tyrosine-based activatory motif (ITAM). Upon
TCR triggering, residues Tyr429 and Tyr463 are phosphorylated with very rapid kinetics (24), with the protein tyrosine kinases Lck, Fyn and Itk playing major roles in these
phosphorylation events (3-6).
One hypothesis that explains the inhibitory biochemical effects of CD5 involves the
SH2 domain-containing phosphotyrosine phosphatase, SHP-1. CD5 has been reported to
associate with SHP-1 in Jurkat T cells, murine thymocytes and B-1a cells (7-9). CD5 also
associates with CD2 at the surface of T cells, and this association may enhance the
inhibitory function of CD5 through the induction of the activity of SHP-1 (8, 10, 11). In
addition to SHP-1, other signaling molecules are likely to associate with the cytoplasmic
tail of CD5, potentially conferring additional negative regulatory activity on CD5, including
RasGAP, Cbl and PI3-kinase (9, 12, 13).
We have determined that specific sequences within the cytoplasmic tail of CD5 are
necessary for the translocation of the receptor to the immunological synapse (IS) during T
cell-antigen presenting cell (APC) antigen recognition. Key sequences include tyrosine
residues, and removal of these amino acids results in both the loss of inhibition mediated
by CD5 (14), as well as the failure of CD5 to be recruited to the IS. Whether these two
effects are connected has not been determined. Many T-cell surface receptors localize at
the synapse due to their ligation with counter-receptors expressed on the APC, as is the
case for CD2 binding to CD58. The physiological ligand of CD5 has not yet been
established, therefore it is unclear whether CD5 translocates to the synapse because it
interacts with a counter receptor or because it is co-transported by intracellular molecules.
Src homology 2 (SH2) domains are protein modules behaving as semiautonomous constituents of many intracellular proteins involved in protein-protein
interactions. The specific amino acid sequences that bind SH2 domains contain a tyrosine
residue, but binding is only effective once the tyrosine residue has been phosphorylated
by protein tyrosine kinases (15, 16). The cell uses this mechanism as the principal way to
interpret signals mediated by phosphotyrosines. It has been reported that there is a total
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number of 120 SH2 individual domains in 110 different proteins in the human genome
(17). SH2 domains contain approximately 100 amino acids and are able to fold
independently, for instance it is possible to express the isolated domain in bacteria, purify
it and use it in in vitro binding assays (18). SH2 domains confer high specificity in signal
transduction mechanisms since they have different binding preferences for specific
phosphorylated ligands (15, 19).
The majority of studies that attempted to characterize binding properties of
determined proteins have used surface plasmon resonance (SPR) methods that were
shown to be an indispensable tool in the measurement of weak protein-protein
interactions, both intercellular as well as intracellular (21). SPR is a tool widely used for
the quantitative and qualitative characterization of reversible interactions. The interactions
are detected in real time, allowing the gathering of the equilibrium affinity as well as the
interaction kinetics (20). SPR works measuring the refractive index of a sensor surface,
this refractive index is conditioned by the concentration of a given material above the
surface (binding chamber). Usually a protein is fixed to the binding chamber and the other
protein, the analyte, passes through the surface in solution. Upon binding of the analyte to
the immobilized protein in the sensor surface, the refractive index will change when
comparing with no binding, and accordingly with the amount of bound analyte. Knowing
the concentration of analyte passing in the flow, a curve of binding concentration can be
produced and from this curve the dissociation constant (Kd) of the interaction can be
calculated.
Here we propose to investigate which SH2-containing intermediates are likely to
be true CD5-binding partners during T cell activation. In order to well-characterize these
possible interactions we performed SPR.
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3.2

Material and Methods

Cell lines
CD5-deficient 2G5 subclone (22), stably transfected with wild-type and cytoplasmic
mutant human CD5 molecules (22, 23). Cell lines were maintained in RPMI 1640,
supplemented with 10% FCS, 1 mM sodium pyruvate, 2 mM L-glutamine, penicillin G (50
U/ml) and streptomycin (50 µg/ml).
Antibodies and Reagents
Monoclonal antibodies used were anti-phosphotyrosine mAb 4G10 conjugated with HRP
(Millipore Inc.) and an anti-CD5 Y-2/178 (24) (Santa Cruz Biotechnology). Three CD5
peptides

were

purchase

from

Peptide

Synthetics-UK,

namely

Bio–

PDNSSDSDY*DLHGAQ, Bio–TASHVDNEY*SQPPRNSRLSAY*PALEGV, Bio–TASHVD
NEY*SQPPRNSRLSAYPALEGV; Bio = biotin, Y* = phosphotyrosine.

Pervanadate treatment and immunoprecipitations
Pervanadate was freshly prepared by mixing sodium orthovanadate (Sigma-Aldrich) and
H2O2 (Sigma-Aldrich) 10 minutes before addition to cells at a final concentration of 100
µM. Cells were treated for 2 or 10 minutes with pervanadate at 37 °C. After treatment with
pervanadate cells were lysed for 30 min on ice in lysis buffer (10 mM Tris-Cl (pH 7.4), 150
mM NaCl, 1 mM EDTA, 1 mg/ml BSA, 1 mM PMSF, and 1% (v/v) Nonidet P-40), the
nuclear pellet was removed by centrifugation at 11,000 ! g for 10 min at 4 °C, and the
supernatants were precleared by end-over-end rotation with protein A-Sepharose CL-4B
(Pharmacia, Aylesbury, U.K.) for 30 min at 4 °C. Abs (10 µg) and 100 µl of 10% protein ASepharose beads were added to the samples and rotated for 90 min at 4°C. The beads
containing the immune complexes were washed three times in 1 ml of lysis buffer. All
washes were performed at 4 °C.
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Surface Plasmon Resonance

Experiments were performed in a BIAcore 2000 (BIAcore AB) using the running buffer
HBS-EP (10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20,
pre-mixed buffer from BIAcore AB). CM5 sensor chips, containing a caboxymethylated
dextran matrix in each flow cell were used and proteins attached by amine coupling as
described (Karlsson et al. 1991). A control flow cell was used in all experiments consisting
of 15-residue neutral peptide with the sequence of GSGSGSGSGSGSGSG. All
experiments were performed at 37 °C.
The dextran matrix in a single flow cell was activated with 70 µl of a solution
containing 0.05 M N-ethyl-N-(dimethylaminopropyl) carodimide (EDC) and 0.2 M Nhydroxysuccinimide (NHS). 60 µl of 0.5 mg/ml streptavidin (Sigma, Poole, UK) in 10 mM
Sodium Acetate buffer at pH 5.5 was injected over the activated surface at a flow rate of
10 µl/minute. Any remaining active carboxyl groups were then blocked with 70 µl of 1M
ethanolamine

hydrochloride,

pH

8.5.

Biotinylated

peptides

containing

specific

phosphorylated sequences of the CD5 cytoplasmic tail were passed through the flow cell
at 10 µl/minute until it had bound to the correct level.
In experiments to calculate the equilibrium affinity of the interaction of various SH2
domains (Supplemental Data – Table S1) with CD5 cytoplasmic tail peptides, various
concentrations of the SH2 peptides diluted in running buffer were injected through all flow
cells for 30 seconds at a flow rate of 10 µl/minute.

Data analysis
For equilibrium analysis, specific binding of SH2 domains to CD5 cytoplasmic tail peptides
at each concentration of SH2 domains and each level of CD5 peptides immobilization was
calculated by subtracting the maximal response in the control flow cells (the response is
due to the viscosity of the injected protein solution) from the maximal response in the flow
cell containing CD5 peptides.
The association constant (Ka) of a binding reaction is the ratio at equilibrium of the
molar product and reactant concentrations. Thus, for a simple monomeric binding
equation,
A + B " AB
Ka has units of M-1 and is given by the equation:
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Ka =

! AB#
" $
! A#!B#
" $" $

The dissociation constant (Kd) is the inverse of Ka and hence has units of M. For
simple 1:1 binding, Kd is the concentration of one molecule that will induce half-maximal
binding of that molecule to its binding partner.
If the amount of binding is plotted against the analyte concentration, it can be fitted
with a suitable binding model in order to calculate the Kd. A simple 1:1 Langmuir model of
binding is appropriate in most cases. This model is represented by the equation:

Bound =

Rm ax !" A#$
! A# + K
" $
d

where “Bound” is the amount of analyte bound, [A] is the concentration of analyte
(assumed to be much greater than “Bound” so that [A] is equivalent to the concentration of
free analyte) and Rmax is the maximal response, i.e. due to saturation binding. This
equation can be rearranged to give a form of the Scatchard equation:

Bound Rmax Bound
!
=
!
! A#
Kd
Kd
" $

The plot of [Bound]/[Free] against [Bound] is called the Scatchard plot and should be
linear if the 1:1 Langmuir binding model holds. This plot is useful for testing the validity of
the Langmuir model but is less reliable than non-linear curve fitting of the binding data for
calculating Kd because it gives inappropriate weighting to data points at the lowest
analyte concentrations, which are the least reliable.
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3.3

Results

Differential binding of CD5 cytoplasmic domain-associated phosphoproteins upon
pervanadate stimulation.
We were interested in analyzing the binding profile of phosphoproteins to the cytoplasmic
tail of CD5 upon T cell activation, specifically tyrosine phosphorylated signaling effectors.
We have used an alternative method that mimics T cell activation via TCR crosslinking,
the blocking of protein tyrosine phosphatases (PTP) with pervanadate treatment (25). We
have used a Jurkat T cell line negative for CD5, the 2G5 cell line, stably expressing
different truncation mutants of the CD5 cytoplasmic tail (Fig. 1A). These mutants were
important since we could follow the significance of each tyrosine present in CD5
intracellular domain upon T cell activation. We have treated cells with pervanadate for 2
and 10 min to follow the increase in the phosphorylation of cellular proteins. As we were
interested in CD5 tyrosine phosphorylated binding partners, total cellular CD5 was
immunoprecipitated for the different mutant cell lines and phosphorylated proteins coprecipitated with CD5 detected using an anti-phosphotyrosine antibody (Fig. 1B).
When comparing the association profile of proteins to CD5.WT in resting state
((2G5 CD5.WT NS), first lane of both plots) and upon pervanadate treatment we could
observe that there was an extensive tyrosine phosphorylation of a significant number of
proteins, especially after 10 min treatment, including CD5 itself (67kDa) as already
described (Chapter 1 of this thesis). The pattern of phosphoproteins immunoprecipitated
with anti-CD5 reveals a dramatic change when CD5 cytoplasmic tail truncated forms are
expressed instead of the wild type. The CD5 mutant, H449stop, that is short of 22 residues,
lacking the C-terminal tyrosine residue 463 (Y463) was shown to be important in the
phosphorylation of the inhibitory tyrosine of Fyn, a SRC family kinase (SFK) with an
important role in early T cell activation (Chapter 1 of this thesis, (6)). In fact, upon deletion
of the CD5 cytoplasmic domain there is a considerable reduction in the number of tyrosine
phosphorylated proteins co-precipitated with CD5. Moreover, in Chapter 2 of this thesis
we also concluded that the cytoplasmic sequence between amino acids Glu418 and
His449 is controlling the translocation of CD5 to the immunological synapse formed
between T cells and APCs, and here again the mutant CD5.E418stop looses the ability of
recruiting

phosphoproteins

upon

pervanadate

CD5.H449stop.
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These

CD5

immunoprecipitates

blotted

with

an

antibody

specific

for

phosphotyrosine residues were very helpful since they draw attention to potential
candidates associating with specific motifs of the cytoplasmic domain of CD5.
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Figure 1. Association of phosphoproteins with the cytoplasmic tail of CD5. (A) Schematic
representation of wild-type and cytoplasmic tail-truncated CD5 molecules expressed in Jurkat cells.
stop
stop
stop
CD5 truncation mutants (CD5.K384 , CD5.E418
and CD5.H449 ) are named according to
the amino acid in which a premature stop codon was introduced, and its position in the wild-type
sequence. (B) Immunoprecipitated wild-type CD5 and CD5-truncated isoforms show association of
different phosphorylated molecules to specific stretches of the cytoplasmic tail. After treatment with
pervanadate for the indicated time points at 37 ºC, cells were lysed in lysis buffer. CD5
immunoprecipitates were resolved in 10% SDS-PAGE and immunoblotted with anti-pTyr. IP,
immunoprecipitation WB, western-blot.

The affinity of interactions between SH2 domains of signaling intermediates and CD5
phosphopeptides reveals potentially strong binding partners.

In order to dissect the true binding partners and signaling effectors cooperating with CD5
in its inhibitory function in T cell signaling, we proposed to test from a panel of candidates
which SH2-containing molecules associate with specific motifs of the CD5 cytoplasmic tail
and to characterize this binding.
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SPR was performed using different stretches of the cytoplasmic tail of CD5,
configured as synthetic peptides that comprise the phosphorylated tyrosine and the
adjacent amino acids that are needed for the recognition by the SH2 domains, as
described in Material and Methods. These peptides were biotinylated chimeras that were
immobilized on the sensor chip using streptavidin. The SH2 domains tested were those of
SHP-1, SHP-2, Lck, Fyn, ZAP-70, Csk and Cbl (amino acid sequences in Supplemental
Data – Table S1). These were injected as analytes over sensor chips at different
concentrations in order to determine the affinity of the different molecules for individual
phosphotyrosine-containing sequences of CD5.
We

have

used

three

different

CD5

phosphopeptides,

one

comprising

phosphorylated Y463 and neighboring residues (Bio–PDNSSDSDY*DLHGAQ; Bio, biotin;
*, phosphorylated residue), and two other containing the pseudo-ITAM with its two
tyrosines, Y429 and Y441. One of these peptides was synthesized with both tyrosine
phosphorylated (Bio–TASHVDNEY*SQPPRNSRLSAY*PALEGV) and the other with only
Y429 being phosphorylated (Bio–TASHVDNEY*SQPPRNSRLSAYPALEGV).
The decision behind the choice of the SH2 domains to test was based in our
previous results as well as in review from literature . As already stated, CD5 is known to
have an inhibitory role upon T cell activation (1, 26), and its association with
phosphotyrosine phosphatase activity has been reported (7, 8, 27), therefore we tested
two members of the protein tyrosine phosphatase (PTP) family, SHP-1 and SHP-2. Both
phosphatases comprise two tandem SH2 regions that were produced as single
polypeptides. SHP-1 bound very weakly to all the CD5 peptides tested (data not shown).
Nevertheless, these SHP-1 tandem SH2 domains were tested with phosphorylated
peptides of other T cell molecules giving always very low binding profiles (Huo et al.,
unpublished data), which led us to concluded that probably the paired domain for SHP-1
was not being correctly expressed and folded to be used in this experiment.
The same was not true for the paired domain of SHP-2 that gave clear results for
the Kd of the tested CD5 peptides. The Kd of the interaction of SHP-2 with CD5 was
measured as 10 µM for the peptide containing the pseudo-ITAM with only Y429
phosphorylated (Fig. 2A), 29 µM for the peptide with the pseudo-ITAM with both Y429 and
Y441 phosphorylated (Fig, 2B) and 49 µM for the peptide including the C-terminal Y463
phosphorylated (Fig. 2C).

!

114

Results - Binding Affinities of SH2 Domains of Signaling Intermediates to CD5

A

Response Units

Kd = 10 µM
!

Bound / Free

Kd = 12 µM

Bound

[SH2 N+C SHP-2] (µM)

B

!
Kd = 31 µM

Bound / Free

Response Units

Kd = 29 µM

Bound

[SH2 N+C SHP-2] (µM)

C

!

Bound / Free

Response Units

Kd = 49 µM

Kd = 56 µM

Bound

[SH2 N+C SHP-2] (µM)
Figure 2. Tandem SH2 domains of SHP-2 binding to individual phosphotyrosine-containing
sequences of CD5. Non-linear fit of the data generated from the injection of SH2 N+C SHP-2 over
immobilized CD5 peptides at 37 ºC using a 1:1 Langmuir binding isotherm. A linear fit of Scatchard
plot
with
the
binding
data.
Data
plots
for
three
tested
peptides
(A)
TASHVDNEY*SQPPRNSRLSAYPALEGV (B) TASHVDNEY*SQPPRNSRLSAY*PALEGV (C)
PDNSSDSDY*DLHGAQ.
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Known to be remarkably important in early stages of T cell activation, both Lck and
Fyn, members of the SFK family, have been reported as CD5 partners in signaling
pathways (3, 4, 6).
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C

Response Units
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Bound / Free

!
Kd = 31 µM

Bound

[SH2 Lck] (µM)
Figure 3. SH2 domain of Lck binding to individual phosphotyrosine-containing sequences of
CD5. Non-linear fit of the data generated from the injection of SH2 Lck over immobilized CD5
peptides at 37 ºC produced a Kd using a 1:1 Langmuir binding isotherm. A linear fit of Scatchard
plot
with
the
binding
data.
Data
plots
for
three
tested
peptides
(A)
TASHVDNEY*SQPPRNSRLSAYPALEGV (B) TASHVDNEY*SQPPRNSRLSAY*PALEGV (C)
PDNSSDSDY*DLHGAQ

The Kd of the interaction of CD5 with Lck was measured to be 49 µM for the
partially phosphorylated pseudo-ITAM (Fig. 3A), 28 µM for the full phosphorylated
pseudo-ITAM (Fig, 3B) and 33 µM for the CD5 C-terminal peptide. (Fig. 3C).
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Figure 4. SH2 domain of Fyn binding to individual phosphotyrosine-containing sequences of
CD5. Non-linear fit of the data generated from the injection of SH2 Fyn over immobilized CD5
peptides at 37 ºC produced a Kd using a 1:1 Langmuir binding isotherm. A linear fit of Scatchard
plot
with
the
binding
data.
Data
plots
for
three
tested
peptides
(A)
TASHVDNEY*SQPPRNSRLSAYPALEGV (B) TASHVDNEY*SQPPRNSRLSAY*PALEGV (C)
PDNSSDSDY*DLHGAQ

Compared with Lck, the SH2 domain of Fyn binding to CD5 peptides presents a
much lower dissociation constant, corresponding to a higher affinity of these CD5 peptides
to the Fyn SH2 domain with a measured Kd of 3.8 µM for the pseudo-ITAM with just Y429
phosphorylated (Fig. 4A), 4.3 µM for the pseudo-ITAM with both Y429 and Y441
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phosphorylated (Fig, 4B) and 5.3 µM for the peptide including the C-terminal tyrosine
phosphorylated, Y463 (Fig. 4C).
The protein tyrosine kinase ZAP-70 is the key element in the initiation of signal
transduction, being phosphorylated and activated through its association with the ITAMs
present in the CD3 chains (28, 29). Like SHP-1 and SHP-2, also ZAP-70 expresses two
tandem SH2 domains that are indispensable for this function (30). For that reason, also
the ZAP-70 peptide was produced comprising both SH2. Curiously, the tandem SH2
domains of ZAP-70 bound very weakly to the partially phosphorylated CD5 pseudo-ITAM
peptide (Kd = 117 µM) (Fig. 5A). Nevertheless, the affinity of ZAP-70 for the fully
phosphorylated CD5 pseudo-ITAM increased substantially (Kd = 23 µM). Binding of the
tandem ZAP-70 domains to CD3# was also measured (Fig. S1, Supplemental Data – Huo
et al., unpublished data).
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C

Bound / Free

Response Units

Kd = 58 µM

Kd = 50 µM

Bound

[SH2 N+C ZAP-70] (µM)

Figure 5. Tandem SH2 domains of ZAP-70 binding to phosphotyrosine-containing sequences
of CD5. Non-linear fit of the data generated from the injection of SH2 N+C ZAP-70 over
immobilized CD5 peptides at 37 ºC produced a Kd using a 1:1 Langmuir binding isotherm. A linear
fit of Scatchard plot with the binding data. Data plots for three tested peptides (A)
TASHVDNEY*SQPPRNSRLSAYPALEGV (B) TASHVDNEY*SQPPRNSRLSAY*PALEGV (C)
PDNSSDSDY*DLHGAQ

In the first Chapter of this thesis we proposed an alternative CD5-dependent
inhibition mechanism of T cell activation through the phosphorylation of the Fyn C-terminal
inhibitory tyrosine (Tyr531). Knowing that CD5 does not possess enzymatic activity, this
phosphorylation needs to be mediated by a kinase that makes the bridge between CD5
and Fyn. Csk is the only kinase reported to specifically phosphorylate the C-terminal
tyrosine (inhibitory tyrosine) of SFKs (31). By regular biochemical approaches we were
not able to prove this association of CD5 and Csk (Fig. 6C, Chapter 1 of this thesis).
Taking advantage of this more sensitive method we also tested the affinity of the different
CD5 peptides with the Csk SH2 domain.
Unfortunately, the data obtained for Csk binding was not satisfactory for the three
replicates done, with the affinity of the Csk SH2 domain being higher for the flow cell
control than for the CD5 peptides in most concentrations tested (Fig. S2, Supplemental
Data). Previous experiments with the same Csk SH2 peptide (Huo et al., unpublished
data) confirmed the integrity of the produced and purified peptide (Fig. S3, Supplemental
Data) meaning that the data was due to very weak, or even absent binding of the tested
CD5 peptides to the Csk SH2 domain.
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Another way demonstrated to downregulate receptor signaling is its internalization
and lysosomal degradation. In order to be internalized and degraded, receptors need to
be ubiquitynated. The ubiquitin ligase c-Cbl is one of the molecules proved to have a role
in this process (32). Moreover c-Cbl was shown to be responsible for CD5 ubiquitynation
(33), in that sense confirming the association between CD5 and c-Cbl was of great
interest.
Strikingly, the Cbl SH2 domain revealed the highest binding affinity for all three
CD5 peptides tested, possibly meaning that c-Cbl is one of the main binding partners of
CD5 in the context of T cell signaling. The measured Kd were of 0.5 µM for the pseudoITAM with only Y429 phosphorylated (Fig. 6A), 0.6 µM for the pseudo-ITAM peptide with
both Y429 and Y441 phosphorylated (Fig, 4B) and 0.5 µM for the peptide containing the
C-terminal tyrosine phosphorylated, Y463 (Fig. 4C).
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Figure 6. SH2 domain of Cbl binding to individual phosphotyrosine-containing sequences of
CD5. Non-linear fit of the data generated from the injection of SH2 Cbl over immobilized CD5
peptides at 25 ºC produced a Kd using a 1:1 Langmuir binding isotherm. A linear fit of Scatchard
plot
with
the
binding
data.
Data
plots
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Figure 7. Affinities of binding of the three CD5 cytoplasmic tail phosphotyrosine peptides to
distinct SH2 domains. Dissociation constants were measured in at least two independent
experiments by SPR and means were calculated.
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3.4

Discussion

The inhibitory T-cell surface glycoprotein CD5 translocates to the IS upon T-cell binding to
APCs, however the CD5 ligand (CD5L) responsible for this is presently unknown.
Notwithstanding the possible impact of CD5L in controlling the localization of CD5, our
studies indicated that the cytoplasmic domain is crucial for the confinement of CD5 to the
IS (Chapter 2 of this thesis). Phosphorylated tyrosine residues of the cytoplasmic tail are
responsible for both the synaptic localization of CD5 and also for its inhibitory function
(14), but whether these effects are dependent on one another is yet to be established.
Using surface plasmon resonance (SPR) assays we assessed the individual interactions
between each of three phosphorylated tyrosine residues of CD5, namely Tyr429, Tyr441
and Tyr463, and single or double Src-homology 2 (SH2) domains of signaling mediators
known to, or likely to, bind CD5.
In this study we focused our attention in three of the four tyrosine-residues present
at CD5 cytoplasmic tail. Incoming studies will also include the membrane proximal
tyrosine, Tyr 378, which has been a subject of debate, reported to possibly bind SHP-1 (7)
but discredited by others that claim it to be a trasmembrane residue not likely of being
phosphorylated (3). Taking advantage of SPR technology and complementary studies we
are also interested in clarifying this issue. Known to inhibit signaling in T cells as well as in
CD5-expressing B cells, it is predictable that CD5 interacts with inhibitory signaling
effectors, such as phosphatases, being the controversial association of CD5 with SHP-1
one of the major puzzling questions to solve (7, 8, 34, 35). We are currently producing and
purifying SH2 in its entire protein version since, as said before, a peptide comprising only
the tandem SH2 does not fold correctly, not enabling its usage in SPR experiments.
Although not answering to all the questions about the role of CD5 and its signaling
partners during T cell activation, our results shed some light on potential CD5 interactions,
deduced from the measured affinities of interactions between CD5 phosphorylated
tyrosine residues and SH2 domains from different proteins. The data from SPR
experiments contributed for a more comprehensive analysis in a complex context such as
orchestrated IS formation.
The results here described emphasize the ability of CD5 to form complexes with
other signaling effectors upon activation of the T cell (Fig. 1). Interestingly when using
serial truncation mutants for CD5 cytoplasmic domain this capacity is sequentially lost,
highlighting the specificity of association of particular molecules with individual stretches
of the CD5 cytoplasmic tail (Fig. 1).
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The well-known importance of CD5 during the process of T cell activation has
driven a lot of research in the field. Nevertheless, the molecular mechanisms where CD5
intervenes are not completely determined.
The observed high affinity of binding of the SH2 domains of two SFK family
members,, especially Fyn, for CD5 phosphopeptides reinforces the importance of these
molecules as CD5 partners reported through time (2, 6, 36). Notwithstanding previous
studies that suggested Tyr429 and Tyr463 of the CD5 cytoplasmic tail as being the only
tyrosine residues readily phosphorylated (3, 4) and bound by these protein tyrosine
kinases (4), our results suggest a role also for Tyr441, embedded in the so-called pseudoITAM together with Tyr429. When analyzing SPR results for peptides resembling the
pseudo-ITAM with both Y429 and Y441 or only Y429 phosphorylated (Fig. 3A,B and
4A,B) we verify different constants of dissociation, which might be due to competition of
the purified SH2 domains to each of the present tyrosine residues. A CD5 peptide with the
same sequence as the above but with just Tyr441 will be further synthesized and tested,
and also complementary biochemical studies or imaging approaches are part of our
ongoing studies.
When considering the cascade initiated with the MHC-peptide recognition by the
TCR, following the phosphorylation of the CD3$ ITAM motifs by Lck and Fyn, the ZAP-70
kinase is recruited to the plasma membrane and activated, giving rise to downstream
signaling pathways. Given that CD5 associates and is phosphorylated by the SFKs, could
it be that it also associates with ZAP-70? Gary-Gouy and colleagues (37) believe that CD5
associates with ZAP-70 but through cooperation with CD3 subunits. Our results open a
new possibility that, even though Ithe TAM-like motif of CD5 with both tyrosine residues
phosphorylated shows an acceptable affinity for the ZAP-70 tandem SH2 domains (Fig.
5), in a competitive environment such as the intracellular area of T lymphocyte the
complexity of the net of associations between receptors and signaling effectors might not
allow a physiological association of ZAP-70 with CD5.
CD5, which is one of the first markers in early stages of T cells development, has
been repeatedly reported to associate with proteins that induce suppressive roles in T cell
signaling, such as c-Cbl, Ras-GAP, SHP-1 and Akt (12, 38). In this chapter we have
strong evidence showing that c-Cbl is in fact one of the main partners of CD5 since the
affinity of the Cbl SH2 domain to CD5 peptides is significantly high with Kd around 0.5 µM
(Fig.6).
With this approach we are looking to successfully generate a comparative set of
data performing a systematic analysis of the affinity of CD5 binding to other molecules.
Making a global analysis, the most relevant interactions will surely be found and probably
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take us a step closer to understanding the functional and physiological significance of the
molecular interactions mediated by CD5.
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Supplemental Data:

SH2 domain

AA sequence

SHP-1 N+C

GPLSRGWFHRDLSGLDAETLLKGRGVHGSFLARPSRKNQGDFSLSV
RVGDQVTHIRIQNSGDFYDLYGGEKFATLTELVEYYTQQQGVLQDRD
GTIIHLKYPLNCSDPTSERWYHGHMSGGQAETLLQAKGEPWTFLVRE
SLSQPGDFVLSVLSDQPKAGPGSPLRVTHIKVMCEGGRYTVGGLETF
DSLTDLVEHFKKTGIEEASGAFVYLRQPYYATRVNA

SHP-2 N+C

GPTSRRWFHPNITGVEAENLLLTRGVDGSFLARPSKSNPGDFTLSVR
RNGAVTHIKIQNTGDYYDLYGGEKFATLAELVQYYMEHHGQLKEKNG
DVIELKYPLNCADPTSERWFHGHLSGKEAEKLLTEKGKHGSFLVRES
QSHPGDFVLSVRTGDDKGESNDGKSKVTHVMIRCQELKYDVGGGER
FDSLTDLVEHYKKNPMVETLGTVLQLKQPLNTT

Lck

GPEPEPWFFKNLSRKDAERQLLAPGNTHGSFLIRESESTAGSFSLSVR
DFDQNQGEVVKHYKIRNLDNGGFYISPRITFPGLHELVRHYTNASDGL
CTRLSRPCQTQKPQ

Fyn

GPEWYFGKLGRKDAERQLLSFGNPRGTFLIRESETTKGAYSLSIRDW
DDMKGDHVKHYKIRKLDNGGYYITTRAQFETLQQLVQHYSERAAGLC
CRLVVPCHK

ZAP-70

GPPDPAAHLPFFYGSISRAEAEEHLKLAGMADGLFLLRQCLRSLGGYV
LSLVHDVRFHHFPIERQLNGTYAIAGGKAHCGPAELCEFYSRDPDGLP
CNLRKPCNRPSGLEPQPGVFDCLRDAMVRDYVRQTWKLEGEALEQA
IISQAPQVEKLIATTAHERMPWYHSSLTREEAERKLYSGAQTDGKFLL
RPRKEQGTYALSLIYGKTVYHYLISQDKAGKYCIPEGTKFDTLWQLVE
YLKLKADGLIYCLKEACPNSSASN

Csk

GPTKLSLMPWFHGKITREQAERLLYPPETGLFLVRESTNYPGDYTLCV
SCDGKVEHYRIMYHASKLSIDEEVYFENLMQLVEHYTSDADGLCTRLI
KPKVMEGTVAAQDE

Cbl

GPLIGLMKDAFQPHHHHHHHLSPHPPGTVDKKMVEKCWKLMDKVVR
LCQNPKLALKNSPPYILDLLPDTYQHLRTILSRYEGKMETLGENEYFRV
FMENLMKKTKQTISLFKEGKERMYEENSQPRRNLTKLSLIFSHMLAEL
KGIFPSGLFQGDTFRITKADAAEFWRKAFGEKTIVPWKSFRQALHEVH
PISSGLEAMALKSTIDLTCNDYISVFEFDIFTRLFQPWSSLLRNWNSLA
VTHPGYMAFLTYDEVKARLQKFIHKPGSYIFRLSCTRLGQWAIGYVTA
DGNILQTIPHNKPLFQALIDGFREGFYLFPDGRNQNPDLTG

Table S1. AA residues of SH2 domains tested. Detailed list with aa residues sequence
synthesize for all SH2 domains tested.
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Figure S1. Binding of SH2 domain N+C of ZAP-70 to CD3!. Linear fit of Scatchard plot of the
binding data with a Kd of 0.83 µM.
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Figure S2. SH2 domain of Csk binding to individual phosphotyrosine-containing sequences
of CD5. (A) Non-linear fit of the data generated from the injection of SH2 Csk over immobilized
CD5 peptides at 37 ºC produced a Kd of 5 7µM using a 1:1 Langmuir binding isotherm A linear fit
of Scatchard plot if the binding data.
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Figure S3. Binding of SH2 domain of Csk to ICOS. Linear fit of Scatchard plot of the binding data
with a Kd of 14 µM.
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A systematic method for identifying the ligand for CD5
and other T-cell surface molecules
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4.1

Introduction

A main goal of many immunologists is to unveil the biological role of T cell surface
receptors for a better understanding of the well-orchestrated process of T cell
activation. There are still a lot of limitations that hamper this target, being a major one
the fact that many receptors present in the T cell surface still have no defined ligand.
One of the ligand orphan receptors is the scavenger receptor cysteine-rich (SRCR)family member CD5. Although CD5 has been reported to bind to a variety of different
surface molecules expressed by APCs, like CD72 (1), gp40-80 (2), and gp150 (3),
none of these interactions has been independently confirmed.
Initially thought to be a costimulatory molecule, the production of a CD5deficient mousece and further analysis of phenotypes assigned CD5 with an
inhibitory role in T cell signaling (4). Other reports corroborate this intrinsic inhibitory
role of CD5 verified in different models, with different possible pathways (5, 6), one of
them described in Chapter 1 of this thesis (7). Despite all these studies and facts, the
precise mechanism of how CD5 regulates signaling has not yet been precisely
determined due to the lack of a known ligand. Nevertheless, if there is a problem with
the absence of a counter receptor for a given T cell surface molecule, there is a
further set of molecules that puzzle in a different way, the T cell antigens for which
there is a described and characterized a ligand, but that have clear indications of the
existence of an alternative ligand. For example, the also member of the SRCR family
CD6 is known to bind to ALCAM/CD166 (8) with a moderately strong affinity (Kd~0.41.0mM), however, a second ligand non-competitive with CD166 has been reported
(9).
In summary, even though there is a good knowledge of the players that are
expressed at the T cell surface, with detailed information on these molecules (10),
there is still a gap in the study of the interactions established by these molecules with
their complementary structures present at the APC surface. While all this net of
associations and interactions between the two cells remain poorly described and
characterized, many questions will not be answered and a clear and confident
understanding of the recognition mechanisms of the APCs by T cells will be
compromised.
Cell surface molecules are known to establish an interaction with their counter
receptor with low affinity, revealing dissociation constants (Kd) ranging from 1-100
µM (11). Given these low affinities that lead to short-lived protein-ligand interactions,
it is difficult to detect and identify the ligand for a known receptor of interest relying on
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traditional affinity methods and binding assays. Although development of new and
more sensitive detection methods has allowed the possibility to identify the cells that
are expressing the potential ligand, this is not always enough for the identification
and characterization of the putative ligand. In order to circumvent this major issue we
proposed ourselves to establish a method that could work for a systematic
identification of ligands of T cell surface molecules.
To achieve this goal we have designed a two key step method. The first step
is to apply a very sensitive detection method that relies on the production of our
query receptors in the form of tetramers, for the detection of the potential binding
partners expressed at the APC; this approach was originally designed for the
detection of low affinity interactions such as those of MHC carrying a specific antigen
binding to the cognate T-cell receptor (12, 13). Additionally, the query receptors can
also be expressed and attached to Dynalbeads at a surface density of over 10,000
receptors per bead, for increased sensitivity.
Through the second step we hope to go further than our predecessors in
similar attempts. As a considerable number of techniques for large-scale gene
expression analysis have emerged in recent years, we chose to obtain full
transcriptomes of the cell lines that we determine to express the ligand for our query
receptor. For some time there has been great interest in using “open” geneexpression profiling methods allowing the characterization and discovery-driven
analysis of transcriptomes. These techniques were initially based on sequencing
short tags created from pooled transcripts and have the benefit of being able to
efficiently and relatively inexpensively sample large numbers of transcripts. SAGE,
the first of the tag-based methods appeared in 1997 (14, 15), and it was shown to
accurately mirror transcript abundance by Northern-blot analysis or real-time PCR.
However, the future of transcriptome analysis lies in massively parallel sequencing of
such tags or of fragmented transcripts as embodied, for example, with the Illumina
Inc platform. The advantages are the unprecedented depth and sensitivity of the
analyses, and the possibility of detecting all possible splice variants if all fragments
are sequenced (16, 17).
If we are successful in identifying such cells and such ligands, we will be able
to study the impact of having a CD5 ligand during our assays of T cell-APC
interactions, and then assess the CD5 molecular intracellular associations and the
functional signaling consequences of these interactions when the CD5L is expressed
at the surface of the APC, versus cases in which T cells interact with CD5L-lacking
cells. Moreover, this strategy will be possible to apply to other ligand orphan T cell
receptors.

!

134

Results – CD5 Ligand Search

4.2

Materials and Methods

Cells and cell lines
Human PBMC from normal healthy adult volunteers were isolated by Ficoll-Hypaque
density gradient centrifugation. Cell lines used were E6.1 (18), THP-1 (19), Raji (20),
K562 (21), Molt-4 (22), Daudi (23), KG1 (24), HepG2 (25), SW480 (26), U937 (27).
All cell lines were maintained in RPMI 1640, supplemented with 10% FCS, 1 mM
sodium pyruvate, 2 mM L-glutamine, penicillin G (50 U/ml) and streptomycin (50
µg/ml). Human embryonic kidney HEK293T (28) and CHO-K1 (29) were grown at 37
°C in a 5% CO2 humidified incubator, in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum, 5 mg/ml glucose, penicillin (100 U/ml), streptomycin
streptomycin (50 µg/ml) and 200 mM L-glutamine.

Antibodies and reagents
Mouse monoclonal antibody specific for 6xHis (Qiagen), goat anti-mouse IgG,
conjugated to horseradish peroxidase (Sigma), anti-rCD48 mAb OX45-PE
(Biolegend) and anti-rCD2-PE (Biologend). Streptavidin coupled with PE (Invitrogen),
streptamer® (IBA Lifesciences) and Dynalbeads (Invitrogen).

Constructs
The pEE14 vector (9.7 kb, Lonza Biologics, Slough, UK) is designed for high level,
recombinant protein expression in mammalian cells using the GS expression system.
It contains the ampicillin resistance gene, a CMV promoter, an SV40 origin, a polyA
sequence and the glutamine synthetase minigene. The sequence of interested for
both CD5 and CD6 were amplified from previously cloned vectors. PCR products
were purified and cloned into the BamHI-BclI sites of the lab-modified version of
pEE14, in order to obtain CD5 and CD6 chimeric cDNA encoding, in the following
order, SP, HA-tag, the extracellular region of hCD5 (residues 25-348) or hCD6
(residues 25-398), BirA and 6xHis tag sequences.
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Transient protein expression in HEK-293T cells
HEK-293T cells were grown in DMEM supplemented with 10% FBS, glutamine and
antibiotics. For each construct to be transfected, two T75 flasks were seeded with
2!106 293T cells to give 80% confluence on the day of transfection. Constructs, 4 µg
DNA each per flask, were transfected using Genejuice® (Merck & Co. Inc) according
to the manufacturer’s instructions.

Stable protein expression in CHO-K1 cells
CHO-K1 cells were grown in DMEM supplemented with 10% FBS, 4 mM glutamine,
antibiotics, 50xAA, nucleoside supplement and 1 mM sodium pyruvate. For each
construct to be transfected, two T75 flasks were plated with 4 x 106 CHO cells, one
for the construct of interest and another for a mock transfection. Cells were incubated
overnight at 37 °C, 5% CO2, until they reached 50-80% confluence.
Immediately prior to transfection, media were removed and replaced with
complete GMEM (Firstlink, Dudley, UK) supplemented with 10% of dialyzed FCS
(Firstlink, Dudley, UK), pen/strep/neo and 50xAA supplement (no glutamine added).
Cells were transfected with 10 µg of DNA using Genejuice® (Merck & Co. Inc)
according to the manufacturer’s instructions. For the mock transfection, the mix
contained no DNA. Just before transfection, the two solutions were mixed gently but
thoroughly. The cells were rinsed with 20 ml sterile PBS and the mixed solution was
added. Cells were then incubated at 37 °C overnight.
On the following day, cells were removed from the flasks using trypsin-EDTA
(Sigma, Poole, UK) and plated into 96-well flat-bottomed plates at 1 x 106 cells per
plate, and 100 µl volume per well. These plates were again incubated overnight at 37
°C. The selection (methionine sulphoximine - MSX) was added in an extra 100 !l of
complete medium per well. Accordingly to the desired concentration of MSX, twice
the concentration was added in 100 !l, as another 100 !l of free-MSX GMEM were
already in the well. For this experiment three different concentrations of MSX were
tested, 30, 35 and 40 µM. Plates were incubated at 37 °C for one week. After that,
100 µl of medium was removed from each well and 100 µl supplemented GMEM
containing the desired concentration of MSX were added and the plates incubated at
37 °C for a further two weeks. Clones were counted and screened by dot blotting as
for stable transfections of CHO-K1 cells.
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Selection of stable transfectants
Once clones had been grown as above, they were counted to evaluate the ratio
between the mock and the transfected plates. 100 µl of tissue culture supernatant
(TCS) were removed for testing from wells containing clones, and replaced with 100
µl of fresh medium containing MSX at the same concentration. The plates were
maintained at 37 °C while the TCS was tested.
To test for expression of the transfected protein, 15 µl of TCS were transferred
directly to the nitrocellulose membrane that was then screened for the presence of
histidine-tagged proteins using an anti-pentaHis primary antibody (Qiagen, Crawley,
UK) and an anti-IgG secondary antibody conjugated to horseradish peroxidase
(HRP).
The clones producing the most protein were re-tested to confirm their
expression and grown in selective supplemented GMEM. Samples of these clones
were frozen in liquid nitrogen for later use and cells were grown to confluence in 10tray cell factories (Nunc, Roskilde, Denmark). Sodium butyrate was added to these
factories to ensure that the cells did not overgrow and after one month at 37 °C, TCS
was harvested and stored at 4 °C for protein purification.

Extraction of His-tagged protein from tissue culture supernatant
Harvested TCS was centrifuged at 9,000x g for 20 minutes at 4 °C to remove cell
debris. The supernatant was then concentrated to a volume of 1 litre and added a
volume of PBS at pH 8.0 equal to the initial volume of the TCS collected. 10 ml of
slurry containing nickel-nitrotriacetic acid (Ni-NTA, Qiagen, Crawley, UK) beads,
washed three times with 50ml PBS at pH 8 by centrifugation at 200x g, were added
to this concentrated supernatant and stirred at 4 °C overnight.

Elution of His-tagged protein from Ni-NTA agarose beads
Beads were then pelleted at 200x g for 10 min and supernatant removed. Beads
were packed in a column and washed with 100 ml of high salt PBS (0.5 M NaCl, pH
8). Non- specifically bound protein was eluted in 2 ml fractions with 30 ml of 10 mM
imidazole (Sigma, Poole, UK) in high salt PBS, and histidine tagged protein was
eluted in 2 ml fractions with 30 ml of 250 mM imidazole in high salt PBS. Samples of
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eluted fractions were run on 12% SDS-PAGE gels, some of which were used in
Western blots to identify the apparent size of the desired protein product.
Fractions containing the desired protein were pooled and concentrated to 1
ml using Amicon centriprep and centricon 10 kDa cutoff concentrators (Millipore,
Watford, UK). Protein concentration was measured by the absorbance of 280 nm
wavelength light and calculation of extinction co-efficients using ProtParam
(http://ca.expasy.org/tools/ protparam.html) was performed by the method of Gill and
von Hippel (30).

Size exclusion gel chromatography (gel filtration)
To purify proteins according to size, gel filtration was used with the Äkta FPLC
system (GE Healthcare). A Superdex 200 HR column was used to resolve the
recombinant proteins, and a Superose 6 HR 10/30 column to resolve the tetrameric
form of the same proteins. The protein sample was concentrated to 1 ml using
Amicon Centriprep and Centricon concentrators (Millipore, Watford, UK) with a 10
kDa

molecular

weight

cut-off

and

the

concentration

determined

spectrophotometrically at 280 mn. The gel filtration column was washed with one
column volume (CV) of filtered HEPES-buffered saline (150 mM NaCl, 10 mM
HEPES, 0.05% NaN3, pH 7.4). Immediately prior to loading onto the column, the
sample was centrifuged at 15,000x g for 2 minutes in a microcentrifuge. The loaded
sample was then eluted through the column using one CV, with 0.5 ml fractions
collected after the void volume (8 ml). The protein concentration of each fraction was
determined as above and desired fractions were pooled where necessary.
Buffer exchange without gel filtration was accomplished using PD-10 columns
(Amersham-Pharmacia Biotech) under gravity flow, according to the manufacturer’s
instructions. Protein samples were loaded in a volume of 1.5 ml and eluted in 2.5 ml
of the new buffer, with a 95% recovery of protein and <5% contamination with salts
from the original buffer.

Biotinylation and tetramerisation of receptors
Soluble chimeras were biotinylated using the BirA enzyme (Avidity LLC), and
incubated overnight at room temperature with phycoerythrin (PE)-streptavidin
(Invitrogen) at a 12:1 and 6:1 molar ratio, respectively, to allow the formation of
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tetrameric CD5, CD6 and CD58 complexes. The resulting tetramers were then
purified using size-exclusion chromatography (Superose 6 HR 10/30 column) on an
AKTA FPLC.

Polyacrylamide gel separation and Western blotting
Proteins were separated by 10-12% SDS-PAGE as deemed appropriate under
reducing or non-reducing conditions and then transferred to Hybond-C-extra
membranes by electroblotting with ice-cold transfer buffer. Membranes were blocked
in TBS, 0.1% (v/v) Tween 20 (TBS-T), containing 5% (w/v) BSA (Sigma) or 5% (w/v)
nonfat dried milk, probed with unconjugated primary antibody for 1 hour and revealed
with HRP-conjugated goat anti-mouse or goat anti-rabbit IgG (both from Sigma), or
strep-HRP (Cell signalling) at appropriate dilutions. Membranes were washed
thoroughly with TBS-Tween. For some incubations, primary antibody was left in
falcons rotating overnight at 4°C. Immunoblots were developed using ECL or ECL–
plus (Amersham Biosciences) and exposed to BioMax MR films (Kodak).

Flow Cytometry
For the detection of surface receptors, cells were washed and resuspended in PBS
containing 0.2% BSA and 0.1% NaN3 (PBS/BSA/NaN3), at a concentration of 1 ! 106
cells/ml. Staining was performed by incubation of 1 ! 105 cells/well with mAb (20
µg/ml) for 30 min on ice, followed by rabbit anti-mouse APC-labeled. For screening
with tetramers or streptamers, cells (1 ! 106 cells per sample) were collected and
washed twice with ice-cold PBS with PBS/BSA/NaN3. Incubation with tetramers or
streptamers was performed for 30 min on ice, followed two washes with ice-cold PBS
with PBS/BSA/NaN3. Cells were resuspended in PBS 0.5% NaN3 , 2% PFA.
Cytometric analysis was performed using a FACSCalibur (Becton Dickinson).

Beads Experiment
We used 6.5 x 105 beads per 1µl, and washed them three times with PBS. Beads
were coated with 20 µg of recombinant protein to test per 100 µl of prepared beads
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incubating on ice for 30 min mixing every 5 min. Beads were washed three times with
PBS 0.1% BSA, and resuspended (originally 100µl) in 1.3 ml of PBS 0.1% BSA.
For staining, 0.5 x 106 cells were washed with PBS 0.05% NaN3 and
incubated with 100 µl of beads (both coated and uncoated) on ice for 45 min, mixed
gently every 10 min. Washes with PBS 0.05% NaN3 were performed, followed by an
incubation with 100 µl of antibody against the recombinant protein to test on ice for
45 min. Cells were washed with PBS 0.05% NaN3 and resuspended in 100 µl of PBS
0.5%, NaN3, 2% PFA.

4.3

Results

Production of soluble extracellular regions of human CD5 and CD6
During the present work we were interested in producing the soluble form of the
extracellular region of two members of the scavenger receptor cysteine-rich (SRCR)
superfamily, CD5 and CD6, and use these proteins to construct a multimeric form
that would increase the sensibility of the reagent to detect cell lines expressing the
potential ligands for those receptors. All the work was done in collaboration with the
T cell Biology Group from University of Oxford.
Structurally, both CD5 and CD6 comprise very similar extracellular regions,
characterized by three SRCR domains (N’-SRCR1, SRCR2, SRCR3-C’). As
described in Material and Methods, constructs encoding the extracellular domains of
CD5 and CD6 were cloned into a modified pEE14 vector (Lonza Biologics) with a
BirA, site-specific biotinylation, 6x-histidine tag added to their carboxyl termini, and a
general signal-peptide followed by an HA tag added to their amino termini (Fig. 1A).
The pEE14 vector, based on a glutamine synthetase (GS) gene expression system
(31), is widely used in stable protein expression systems allowing the insertion of the
gene of interest at a site adjacent to the gene that encodes glutamine synthetase
(Fig. 1B).
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GS minigene
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Figure 1. Cloning strategy of constructs encoding the CD5 and CD6 extracellular
domains for stable expression of recombinant proteins. (A) Standard signal peptide
(RaduSP) and an HA tag were fused to the N’ terminus, as well as a BirA sequence and a
Histidine tag (His6xtag) to the C’ terminus. (B) The pEE14 plasmid was used to clone CD5
and CD6 constructs for soluble recombinant protein expression in CHO-K1 cells.

We performed a small-scale analysis confirming that our constructs produced
soluble proteins, transiently transfecting our plasmids into HEK293T cells and
performing a western blot analysis of tissue culture supernatant (data not shown).
The constructs were then transfected into CHO-K1 cells, which are the most reliable
and widely used mammalian cells for large-scale recombinant protein production.
This is due to the capacity of these cells to ensure stable and accurate glycosylation
of the produced protein, accurately mimicking the natural produced protein (32),
which was of great interest to us since both CD5 and CD6 are known to be highly
glycosylated.
CHO cells possess endogenous glutamine synthetase (GS), which is
responsible for the biosynthesis of glutamine from glutamate and ammonia, and
therefore cells survive in a glutamine free environment. Using a GS inhibitor,
methionine sulphoximine (MSX), the endogenous levels of GS are blocked and only
cells that incorporate the exogenous plasmid are able to survive, producing more
copies of the enzyme. After transfection and selection of stable transfectants, as
described in Material and Methods, dot blots showed several stably transfected
clones expressing both CD5 and CD6 tagged proteins (Fig. 2A and B).
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A

B

Figure 2. Dot blot analysis of CD5 and CD6 fusion protein expression. Nitrocellulose
membranes were blotted with the TCS of soluble recombinant proteins of CD5 (A) and CD6
(B) extracellular domains. These dot plots are representative of one of the MSX
concentrations tested (40 µM). The dot blots were incubated with mAb anti-His6x and
peroxidase-conjugated goat anti-mouse.
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Figure 3. Analysis of selected clones for soluble recombinant protein CD5 and CD6.
Samples of TCS from 4 different clones were resolved by SDS-PAGE, 10%, under reducing
conditions. Detection of recombinant proteins was done using anti-Histag monoclonal
antibody and peroxidase-conjugated GAR. Lanes 1-4, clones for soluble CD6. Lanes 5-8,
clones for soluble CD5.

From the various 96-well plates with different MSX concentration tested we
selected 4 clones for each recombinant protein, grown it to 6-well plates and run a
SDS-PAGE gel followed by western blot using a specific antibody to confirm the
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expected sizes (predicted molecular weight ~46kDa). For soluble CD5 the size was
the predicted one, but for CD6 it run on the gel at 76-102kDa, which might be due to
presence of complex sugars in the CD6 soluble protein, as it is known to be highly
glycosylated (33) (Fig. 3).
After selection, clones were allowed to grow in cell factories for large-scale
protein production, the produced proteins were then purified from TCS through its
histidine tag by nickel bead extraction (detailed protocol in Material and Methods).

!
A
a

!

!B

1 2 3 4 5 6 7 8 9 10 11 12 13

1

2

3 4 5 6

7 8 9 10 11 12 13

"!

!

!

Figure 4. Expression of purified CD5 and CD6 recombinant soluble protein from tissue
culture supernatants (TCS). 2 µl samples from 0.5 ml fractions obtained after protein
purification from the TCS with Ni-NTA resin and imidazole elution were run in an SDS-PAGE
gel and stained with Coomassie Blue. For both CD6 (A) and CD5 (B) lanes 1-6 correspond to
elution with 10 mM imidazole and 8-13 with 250 mM imidazole. Lane 7 is the protein marker
with * indicative of the 52 kDa size.

Fractions obtained using two concentrations of imidazole to elute CD5 and
CD6 from nickel beads were run in an SDS-page gel and stained with Coomassie
blue (Fig. 4), and after selecting the fractions without contaminants (i.e. BSA,
~66kDa) a further purification was achieved using size exclusion gel chromatography
(Fig. 5). After the final purification step with gel filtration both proteins were
concentrated and quantified, the final yield was of approximately 18 mg in total for
recombinant CD5 protein and 1.5 mg for recombinant CD6 protein.
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Figure 5. Analysis of CD5 and CD6 using size exclusion chromatography. Purified
recombinant proteins corresponding to the extracellular domains of CD6 (A) and CD5 (B)
-1
were run on a Superdex 200 HR column at 0.5 ml min .

Construction of surface receptors, CD5 and CD6 coupled in a multimeric form –
tetramers.
In order to circumvent the common problem of low detection sensitivity when
addressing monovalent interactions, we constructed multimeric forms of the surface
receptors CD5 and CD6 using the produced and purified monomeric proteins. The
first approach was to produce the so-called tetramers, which had been widely used
when trying to increase avidity and detect low affinity interactions (34). As described
before, our recombinant proteins were produced with a BirA tag, that is a specific
sequence that allows biotinylation by the enzyme biotin ligase. Therefore, after the
last purification step, we promoted the biotinylation of both CD5 and CD6
recombinant proteins, using a biotinylation kit (as dercribed in Material and Methods).
Next, we checked the yield of the biotinylated proteins (Fig. 6) in order to calculate
the amount of total protein needed for tetramerization, knowing that only the
biotinylated fraction would be used.
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102
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Figure 6. Biotinylation of recombinant soluble CD5. Western blot of biotinylated CD5 after
FPLC. Streptavidin-HRP was used for detection. Each lane contains a fraction of the purified
and biotinylated recombinant protein.

Tetramers are streptavidin molecules coupled with useful tags, in this case a
phycoerythrin (PE) tag. The streptavidin molecule has four biotin binding sites, and
allowing the binding of biotin present in the C-terminus of the recombinant proteins to
the natural binding sites in streptavidin, we produce our CD5 and CD6 tetramers
(Materials and Methods), (Fig. 7A). A last purification step was required, and for that
we used FPLC, using a size exclusion chromatography column, to sort the fraction
containing the tetramers and the excess recombinant protein fraction (Fig. 7B).
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Figure 7. Tetramerization of CD5 and CD6 recombinant protein. (A) Schematic
representation of the CD5 tetramer, with a streptavidin molecule coupled with a PE
fluorochrome and four monomers of recombinant CD5. (B) After tetramer preparation,
-1
samples were run on a Superose 6 HR 10/30 column at 0.5 ml min , to separate the tetramer
fraction (~500kDa) from the incomplete tetramerized or monomeric CD5 fractions.
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Screening of well-characterized cell lines with receptor tetramers leads to the
identification of those lines that express, and those who do not, the target ligand.
By expressing CD5 as a soluble receptor in a mammalian expression system and
assembling the receptor in multimeric forms or conjugates, we were then able to
proceed with our research plan and confidently determine which, if any, cell lines
used routinely as APCs express the elusive CD5-ligand (CD5L). To cover all possibly
CD5L expressing cells we tested cells from different origins, non-lymphoid, myeloid,
monocytic and lymphoid lines.
However, to establish a proof of principle for the experimental approach, we
decided to use as query receptor the extracellular domain of human CD58, whose
interaction with human CD2 had been extensively characterized (35, 36). The CD58
recombinant protein had already been produced and purified, and assembled as a
tetramer at the T cell Biology Group, University of Oxford, following to the same
protocol used for CD5 and CD6.
The chosen cell lines were incubated with tetramers of CD5, CD6 and CD58
(CD5tet, CD6tet and CD58tet), and binding to the cells was assessed by flow
cytometry, using the PE fluorochrome coupled with streptavidin. The results obtained
for CD58tet binding were as expected, with cell lines known to express CD2
exhibiting a pronounced shift upon incubation with the CD58tet, in the flow cytometry
analysis. The affinity of the CD2-CD58 pair is relatively low (Kd !10 µM at 37 °C (37))
which highlights the sensitivity of the reagents in this ligand-partner detection. As
shown in Figure 8D, CD58tet bind to all T cell derived lines, as well as to KG1 cells, a
myeloblastic cell line that can differentiate into granulocyte or macrophage-like cells
(Fig. 8B). For other cell lines tested, known not to express CD2, the binding was null
(Fig. 8).
Upon screening the entire set of cell lines available using the CD5tet, we
obtained very interesting results. Among the most striking is the fact that the Raji as
well as the Daudi B cell lines, known to express CD72 that was previously suggested
as being the CD5 ligand (1), did not bind CD5tet at all (Fig. 8E). This further
confirmed the suspecion that CD72 is not the CD5 ligand.
Most cell lines tested did not bind CD5tet sufficiently so it could be detected
through its PE fluorochrome. Nevertheless, we were able to identify CD5-ligand
expressing cell lines: THP-1, a monocytic cell line, and K562, a myeloblastic cell line,
gave us the most enthusiastic results, with clear shifts upon detection of PE
fluorescence after incubation of the cells with the CD5tet (Fig. 8B and C).
Surprisingly, also the Jurkat T cell line flow cytometry results produced some
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evidence of a potential ligand very low affinity for CD5 in these cells, as there was a
small shift on the intensity of PE (Fig. 8D).
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Figure 8. Panel of cell lines screened for the presence of a potential CD5 ligand. Cells
were incubated with streptavidin-PE (SA-PE) as an isotype control (red), CD5tet (blue) and
CD58tet (green). (A) Non-lymphoid representative cell lines, 293T, HepG2, HeLa and Sw480.
(B) Myeloblastic cell lines tested were K562, KG1, U937 and HL60. (C) THP-1 cell line,
representing the monocytic lineage. (D) T cell lines, Jurkat, J.Cam and Molt-4. (E) B cell lines,
Raji and Daudi.
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When producing CD6tet we had a different goal. CD6 is not an orphan
receptor like CD5, there is a well-defined ligand expressed at the surface of different
APCs (39). Notwithstanding the role and importance of CD166 as a CD6 ligand,
some evidence had supported the existence of alternative ligands expressed in
specific cells/tissues (9, 40). With increased sensitivity, we hoped that using CD6tet
we would be able to detect new ligands binding to CD6, in CD166 negative cells. As
expected, the cell lines known to express CD166 did bind CD6tet (Fig. 9B). However
when we tested some other lines that are characterized as negative for CD166, the
PE fluorescence measure was null, meaning no ability to bind CD6tet, therefore in
the cell lines tested we found no evidence for an alternative ligand for CD6 (Fig. 9A).
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Figure 9. Panel of cell lines screened for the presence of an alternative CD6 ligand.
Cells were incubated with streptavidin-PE (SA-PE) as an isotype control (red), CD6tet (blue)
and CD58tet (green). (A) Cells from different lineages not expressing CD166, Jurkat (T cell
line), U937 and K562 (myeloblastic cell line). (B) Cells from different lineage known to
express CD166, THP-1 (monocytic cell line) and Raji (B cell line).

In our ongoing studies (41) we were interested to uncover the possible crossinteraction between human CD6 and rat CD166, since mouse CD166 was already
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reported to have the ability of interacting with human CD6 as well (42). For this
purpose we transfected K562 cells (CD166 negative cell line) with cDNAs encoding
for rat or human CD166. Taking advantage on the sensibility and specificity of our
tetramers we screen the rat and human CD166-expressing cells with CD6tet.
Although rCD166-expressing K562 cells were negative for the binding of CD6tet (Fig.
10, right panel) behaving like wild-type CD166- K562 cells (Fig. 10, left panel), the
binding of the same CD6tet is reverted in hCD166-expressing K562 cells (Fig. 10,
middle panel).
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Figure 10. Specific binding of hCD6tet to hCD166 and not to rCD166. Binding of hCD6
tetramers (blue) to untransfected K562 cells (left), K562-hCD166 cells (middle), and K562rCD166 cells (right). Binding of hCD58 tetramers (green) to the cells was used as negative
control, as K562 cells do not express hCD2. Profiles of hCD58-tet overlapped with the profiles
of cells stained with SA-PE (red).

In toto, our screening results identify CD5L-expressing cell lines that are
capable of binding CD5 as well as the lines that do not have that capacity. The set of
cell lines used were representative of diverse cellular types and tissues, but besides
those cell lines shown in Figure 8, we tested some additional non-lymphoid
representing lines (data not shown) that did not reveal any CD5tet binding.
Neverthelss the fact that at least two cell lines clearly bind CD5tet (THP-1 and K562)
and some presented a small but detectable shift (Jurkat) is a positive result and
strongly suggests that CD5 has indeed a ligand, but yet to be discovered and
characterized.
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Sequencing the transcriptome of 14 cell lines

The goal to correlate the levels of the CD5L, achieved with our sensitive
tetramer/flow cytometry approach, with the level of expression of the gene(s)
encoding putative CD5 ligand(s) required that the transcriptome of each of the
screened cell lines be obtained. After tetramer screening of a panel of chosen cell
lines, the RNA of these cells was extracted and sent for sequencing using Illumina
RNAseq techonology (43).
The transcriptomes were sequenced in the form of RNAseq data, which
involved the development of new bioinformatics tools to allow the identification of
target genes expressed preferentially or exclusively in ligand-expressing cells lines
when compared with cell lines negative for the putative ligand. For the analysis of the
libraries from each RNA sequenced, two statistical tools were used: ANOVA with a
Tukey HSD post-hoc test and a technique mostly used for information retrieval based
on term frequency (TF) and inverse document frequency (IDF) terms (the “TF/IDF”
test). The last one showed to be particularly efficient in preliminary tests (data not
shown). In this test, genes that possibly encode for the potential ligand are ranked
accordingly with the score retrieved, this score depending on the total number of
libraries, and specifically on the number of libraries low for ligand expression and
high for ligand expression, as well as on the abundance of the transcript in the
library.
The well-established and characterized interaction between CD2 and CD58 was
used as a proof of principle. The first evaluation we performed was to correlate the
results of CD58tet binding to chosen cell lines with the results of generated pairedend RNAseq sequence libraries for a set of 14 cell lines (NK-92, 293T, U937, Hep3b,
PM-1, DAUDI, an EBV B-cell, RAJI, MOLT-4, J.Cam, THP-1, K562, Jurkat, HT-29).
Using ANOVAs and the TF/IDF method, the bioinformatics analysis was able to rank
all the genes in a list where CD2 was ranked first or second among the candidate
ligands of CD58.
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Figure 11. Ligand-binding rankings based on two different statistical methods used as
proof of principle for the CD2-CD58 interaction,. List of the candidate ligands of CD58
identified by correlating the pattern of binding of the CD58 tetramer to a set of 14 cell lines
with gene expression levels in those cells measured using RNAseq.

When using the same statistical tools to correlate the potential CD5 ligands
expressed in the cell lines with positive binding for CD5tet, the values of the score
(for the TF/IDF method) were too low and the p-value (for ANOVA method) was too
high (data not shown), which unfortunately did not validate the method for CD5.
Results are being scrutinized and different statistical tools are being used, moreover
more cell lines will be sequenced and more sensitive methods developed.

Streptamers and dynalbeads of query receptor show increased sensitivity when
compared with tetrameric forms of the same receptor.
After searching for correlations between the binding of the CD5 tetramers and the
gene expression profiles of the target cells we were not able to get a restricted and
manageable number of “hits” comprising transcripts encoding putative ligands. This
raised the question of whether using a tetrameric form of a given receptor would be
sensitive enough for some classes of receptors, as for example CD5.
To circumvent this issue and taking advantage on a well-established system,
we performed sensitivity tests to compare tetramers with other possible multimeric
forms of expressing query receptors. Similarly to the interaction between hCD58 and
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hCD2, the interaction between ratCD2 (rCD2) and its binding partner rCD48 has
been extensively studied and well-characterized (44, 45). Moreover, different point
mutations inserted in rCD48 compromise the affinity of the interaction with rCD2,
some of them leading to an accentuated increase in the dissociation constant (lower
affinity), but also some capable of promoting an interaction even stronger then wildtype rCD48 (45).
Taking advantage of a set of Jurkat cell lines expressing different point
mutations in rCD48 (Fig. 12A), we decided to measure the sensitivity of tetramers.
We first produced recombinant extracellular rCD2 (as described for CD5 and CD6),
assembled tetramers of rCD2, and screened the Jurkat cell lines expressing the
different mutants of rCD48. To confirm that the levels of expression of each rCD48
mutant would not interfere with the read-out of the binding of rCD2tet to the cells, we
used OX45 (46) (a mAb specific for rCD48) to analyze the amount of rCD48
expressed at the surface of stably transfected Jurkat cells (Fig. 12B). We incubated
the cell lines with rCD2tet at a range of different concentrations, and knowing that the
Kd ranged from 439 µM for the Q40R mutant (the weakest binding partner of rCD2) to
11 µM for the T92A mutant (the strongest rCD2 binder) (Fig. 12A), we could assess
the efficiency of tetramers in detecting low to high interactions. As seen in Figure
12C, when using the lowest amount of rCD2tet (blue line) binding is detected for the
rCD48 mutants with higher affinity (T92A – 11 µM; E55R – 17 µM). However, when
the Kd is higher than ~30 µM no binding is detected (WT – 37 µM; R31A – 168 µM;
Q40R – 439 µM). We needed to incubate cells with 10 fold more rCD2tet (green line,
Fig. 12C) in order to detect any, even if low, binding.
These results elucidated us on the sensitivity of tetramers. Furthermore, this
analysis allows us to determine the range of affinities of intercactions that are
detected using our strategy. Considering the levels of expression of known ligands at
the surface of screened cells and correlating them with the amount of tetramers
incubated with the same cells, we can establish a value of dissociation constant limit
for confident detection of binding by tetramers (Fig. 12D).

!

152

Results – CD5 Ligand Search
Layout
maf facs oxf 27.7.11.jo

B

100

100

80

80

T92A
anti-rCD48.fcs
T92A
E55R
anti-rCD48.fcs
E55R
WT
anti-rCD48.fcs
WT
R31A
anti-rCD48.fcs
R31A
Q40R
anti-rCD48.fcs
Q40R
Jurkat
anti-rCD48.fcs
Jurkat

100

100

80

80

40

20

40

0

20

0
101

10 2
FL 2 Log: PE

103

10 4

maf facs oxf 27.7.11.jo e55r
E55R OX45 APC.fcs 572
E55R APC.fcs
2.22

C

0
100

101

q40r

ul.fcs 14.4
l.fcs 7.84
1 1
fcs 10
2.9
10210 2
103103
00
10
PE
3.47 FLFL2 Log:
8 Log:
APC

104

100

t92a
e55r

20

20

0

0

100

jurkatr31a

100

100

103

60

100

101

e55r

60

2020

40

00
1010

4
104 10

q40r
r31a

11
1010

PE

E55R rCD2tet 100ul.fcs 82
E55R rCD2tet
50ul.fcs 69
0
E55R
rCD2tet105ul.fcs
0
1
101
10 2
103
10 4
1016
FL 2 Log: PE
E55R SA-PE.fcs
2.
PE – FL2 (MFI)
r31a
Layout100ul.fcs 25.9
WT rCD2tet
R31A O
WT rCD2tet 50ul.fcs 16.7
R31A A
WT rCD2tet 5ul.fcs
4.41
100
100
Q40R
WT SA-PE.fcs
3.64

(FlowJo v8.7)

101 101

102 10 2
103 103
FL FL
2 Log:
PEAPC
8 Log:

150
100
50

20

PE – FL2 (MFI)

Q40R rCD2tet 100ul.fcs 18.6
T92A OX45 APC.fcs 869
Q40R rCD2tet 50ul.fcs 12.6
T92A APC.fcs
2
Q40R
rCD2tet 5ul.fcs
2.84
104
Q40R SA-PE.fcs
2.9

80

201
154
35.1
2.46

1000
10

t92a
e55r

80

Page 3 of 3

10 0

101

10 2
FL 2 Log: PE

103

10 4

40

5ul

60

50ul
40

20

T92A rCD2tet 100ul.fcs
E55R OX45 APC.fcs 572
T92A rCD2tet 50ul.fcs
E55R APC.fcs
2.22
T92A rCD2tet 5ul.fcs
T92A SA-PE.fcs

100
102
FL 8 Log: APC

Kd

60

40

20

101

20

1000
0
103

104

10 0

101

10 2
FL 2 Log: PE

103

0

10 4

r31a
r31a
WT rCD2tet 100ul.fcs 25.9
R31A rCD2tet 100ul.fcs 27.2
R31A OX45 APC.fcs 737
WT
rCD2tet 50ul.fcs
16.7
Figure
12. Evaluation
of tetramer
sensitivity using rCD2 and
different
R31A rCD2tet
50ul.fcs rCD48
25.4
R31A APC.fcs
2.48
WT rCD2tet 5ul.fcs
4.41
R31A rCD2tet 5ul.fcs
6
with
distinct
binding
affinities.
(A)
Table
with
denominations
(corresponding
WT SA-PE.fcs
3.64
R31A SA-PE.fcs
2.49

10 0

11/07/28 14:11

Page 2 of 3

153

(FlowJo v8.7)

101

10 2
FL 8 Log: APC

103

t92a

mutants
to point
mutations) of rCD48 mutants and measured Kd (µM) for interactions with rCD2. (B) Levels of

!

1033
10

80

100ul

100

1022
10
Log:APC
PE
FLFL8 2Log:

(FlowJo v8.7)

60

10 0

0

1011
10

100

0

wt

00

104 10 4

% of Max

60

40

104

40
40

20
20

R31AOX45
rCD2tet
100ul.fcs
27.2
Q40R
APC.fcs
1455
R31AAPC.fcs
rCD2tet 50ul.fcs
Q40R
1.9825.4
0
R31A
rCD2tet10
5ul.fcs
6
0
10 4
101
102
103
R31A SA-PE.fcs
2.49 FL 2 Log: PE
t92a
T92A rCD2tet 100ul.fcs
T92A rCD2tet 50ul.fcs
(FlowJo
v8.7) 5ul.fcs
T92A
rCD2tet
100
T92A SA-PE.fcs

200
% of Max

11/07/28 14:11

MFI (SA-PE)

80

103

60
60

MFI compensated for rCD48 expression

250

103

80
80

0
100 10 0

q40r
t92a

10 2
FL 2 Log:
20 PE

572
2.22

0
44
1010

101

e55r

20 20

22
33
10
1010
10
FL28Log:
Log:PE
APC
FL
20
– FL2 (MFI)

60

40

10 0

104

60 60

40

00

1
2
3
101 10
102 10
103 10
FL 8 PE
Log: APC
FL 2 Log:
20

103

40 40

60

80

0

102
FL 20
8 Log: APC

Page 1 of 3

80

4040

100

20

40

0

104

100

6060

80

Q40R
Q40R

40

80 80

Jurkat rCD2tet 100ul.fcs 14.4
R31A OX45 APC.fcs 737
Jurkat rCD2tet 50ul.fcs 7.84
D 0
R31A APC.fcs
2.48
3
Jurkat
2.9101
10
10 4rCD2tet 5ul.fcs
10 0
10 2
103
Jurkat SA-PE.fcs
3.47 FL 8 Log: APC
t92a
R31A rCD2tet 100ul.fcs 27.2
350 APC.fcs 869
T92A OX45
R31A rCD2tet 50ul.fcs 25.4
T92A APC.fcs
11/07/28
14:11
Page 2 of 3 2
R31A rCD2tet 5ul.fcs
6
300
100
100
R31A SA-PE.fcs
2.49

% of Max

102
FL 2 Log:
PE
2020

(FlowJo v8.7)
11/07/28 14:11

.fcs 25.9
cs 2.12
cs 16.7
2.67
1
s 104.41
10 2
3.64 FL 2 Log: PE

0
78

101

% of Max
% of Max

40

80

20

8080

% of Max

40

% of Max

% of Max

10 44
10

60

q40r

14.4
7.84
2.9
3.47

60
rCD48
WT

Q40R rCD2tet 100ul.fcs 18.6
E55R OX45 APC.fcs
Q40R rCD2tet0 50ul.fcs 12.6
0
0
E55R APC.fcs
1
Q40R4 rCD2tet1010
5ul.fcs
00
12.84
22
33
44
10 0
1010
1010
1010
1010
101
102
103
10
Log:PE
APC
Q40R SA-PE.fcs
2.9 FLFL28Log:
FL82Log:
Log:APC
PE
FL
PE
–
FL2
(MFI)
wt
PE – FL2
(MFI)
wt
e55r
maf facs
oxf 27.7.11.jo
E55R rCD2tet 100ul.fcs 82.6
T92A rCD2tet
100ul.fcs
201
E55R OX45 APC.fcs 572
WT OX45 APC.fcs 370
E55R rCD2tet 50ul.fcs 69.1
T92A rCD2tet 50ul.fcs 154
E55R APC.fcs
2.22
WT APC.fcs
2.78
E55R rCD2tet 100
5ul.fcs
16.3
T92A rCD2tet100
5ul.fcs
35.1
100
100
rCD48 R31A
rCD48
E55R SA-PE.fcs
2.8
T92A SA-PE.fcs
2.46

Page 3 of 3
60

100

60 E55R
rCD48

4040

100

80

80

14:11

101

80

6060

q40r

Q40R OX45 APC.fcs 1455
Q40R APC.fcs
1.98
0

Q40R rCD2tet 100ul.fcs 18.6
T92A OX45 APC.fcs 869
Q40R rCD2tet 50ul.fcs 12.6
T92A APC.fcs
2
Q40R rCD2tet 5ul.fcs
2.84
100 100
Q40R SA-PE.fcs
2.9

1033
10

103

100

104

Jurkat rCD2tet 100ul.fcs
Jurkat4 rCD2tet 50ul.fcs
10
Jurkat rCD2tet 5ul.fcs
100
Jurkat SA-PE.fcs

40

0

102
FL 8 Log: APC
20

10410 4

100
100

8080

20

40

103

Layout

% of Max

104

102
FL 2 Log: PE

80

40

60

101

jurkat
Layout
0
Jurkat
OX45 APC.fcs 2.12
0
1
3
Jurkat
2.67 102
10 APC.fcs 10
10
100 FL 8 Log: APC

% of Max
% of Max

% of Max

20

0

100

10 4

rCD48 - APC (MFI)

60
rCD48
T92A

80

103

% of Max

100

60

20

0
10 2
FL 8 Log: APC

80

40

103

jurkat

82.6
69.1
16.3
2.8

% of Max

% of Max

80

101

20

%
% of
of Max
Max

100

E55R rCD2tet 100ul.fcs
E55R rCD2tet 50ul.fcs
E55R rCD2tet 5ul.fcs
100
E55R SA-PE.fcs
maf facs oxf 27.7.11.jo

10 0

60

40

% of Max

10 0

104

% of Max

103

80

40

% of Max

102
FL 8 Log: APC

% of Max

101

% of Max

00

60

20

60

% of Max

40

% of Max

60

% of Max

% of Max

60

100

75.2
75
69.8
71.2
71.3
76.2

% of Max

A

Layout

% of Max

oxf 27.7.11.jo

T92A OX45 APC.fcs 869
T92A APC.fcs
2

2
1
3
2

Results – CD5 Ligand Search

40

60

% of Max

% of Max

60

% of Max

Jurkat Ox45 APC.fcs 83.4
Jurkat APC.fcs
82.9

surface expression of rCD48 in stable transfected Jurkat cells. Cells were incubated with
specific mAb for rCD48 (OX45). Non-transfected cells (red) were compared with cells
expressing rCD48 WT (orange), T92A (pink), E55R (light blue), R31A (green) and Q40R
(dark blue). (C) All rCD48 mutants were incubated with different amounts of rCD2tet, 5 µl
100
100
Q40R
OX45 APc.fcs 77.9
100
Jurkat Ox45 APC.fcs 83.4
(blue), 50 µl (green) and 100 µl (orange)
with an isotype control consisting
of
just SA-PE
Q40R APc.fcs and 80.8
Jurkat APC.fcs
82.9
(red).
(D) Mean fluorescence intensity plot for rCD2tet binding to the different rCD48 mutants
80
80
80
cell lines normalized according to the levels of expression for each of the mutants.
60

40

40

Suspecting that a tetrameric
form of a query receptor is only useful20 for
20

20

stronger
interactions (Kd < ~50 µM), we looked for improved ways of detection,
0
0
100

101

102

103

0

104

0

1

2

3

100

4

10
10
10
10
10
FL 8 Log:
APC
increasing the
sensitivity
and enabling
the
recognition
of surface
putative ligands
FL 8 Log: APC
q40r with
q40r

101

102
FL 8 Log: APC

103

jurkat

100

100
lower
affinities. A recent development
using MHC multimers uses the so-called
100

80
80
Streptamers
(IBA LifeSciences) (47-49)
that allow 12 biotinylated molecules to bind
4
80
% of Max

% of Max

% of Max

60
streptavidin
molecules coupled with a PE fluorochrome (Fig. 13A). We thus used
60
60

Streptamers
to couple biotinylated rCD2, and screened the three mutants with 40the
40
40

lowest
affinity for rCD2 with rCD2streptamers and comparing with rCD2tet (using20the
20
20

correspondent amount based on PE concentration (1:1)). The results of
0

0

0

0

10
rCD2streptamer binding showed a10slight
increase
in103the mean
fluorescence intensity
0
101
102
104
100

q40r

103

104

Q40R rCD2tet 50ul.fcs

7.78FL 2 Log: PE

10 1

q40r

Jurkat rCD2tet 50ul.fcs

5.71

Jurkat SA-PE.fcs
maf facs oxf 9.8.11.jo

2.37 Layout

102
FL 2 Log: PE

103

jurkat
rCD2strep
100ul.fcs
for wild-type rCD48 (Kd = 37Q40R
µM)
and
for9.59
rCD48 R31A (KJurkat
168 µM),
whereas no
100ul.fcs 6.07
d = rCD2strep
Q40R SA-PE.fcs
2.92
maf facs oxf 9.8.11.jo

maf facs oxf 9.8.11.jo

Layout

binding was detected for the rCD48 Q40R mutant (Fig. 13B).
A

80

40

40
40

20

20

20

100

101

wt

0
3
102
0 10
10
FL 8 Log: APC
jurkat

100

100
3
10

4
1 10
2
10
10
FL 8 Log:r31a
APC

101
4
10

102
FL 8 Log: APC

80

60

60

40

40

20

20

Q40R OX45 APc.fcs 7
Q40R APc.fcs
8

0
0

10

100

rCD48 R31A

100

80

0

104
q40r

100

rCD48 WT

103

100

80

0

0

B

60

% of Max

60

% of Max

% of Max

80

R31A Ox45 APC.fcs 70.8
100
R31A APC.fcs
75.1

Jurkat Ox45 APC.fcs 83.4
Jurkat APC.fcs
82.9

80

60

!

100 Ox45 APC.fcs 76.3
WT
WT APC.fcs
77.5

100

% of Max

100

% of Max

R31A Ox45 APC.fcs 70.8
R31A APC.fcs
75.1

1

10

2

10
FL 8 Log: APC
wt

3

0
10
10

4

1
10
10

2

10
FL 8 Log: APC

3

10

100

rCD48 Q40R

80

80

80

60

60

60

40

% of Max

60

% of Max

% of Max

60
% of Max

% of Max

80

40

40

40

20

20

20

0

0

0

40

20
20

0
100
wt

10 1

102 0
FL 2 Log: PE
100

103

PE – FL2 (MFI)
jurkat

1

10

104

0
1
2
3
10
10
10
100
101
102
103
104
100
FL 2 Log: PE
FL 2 Log: PE
10
103
104
q40r
R31A rCD2tet
50ul.fcs
26.9 – FL2 wt
r31a
FL 2 Log:WT
PE rCD2tet 50ul.fcs PE14– FL2 (MFI)
PE
(MFI)
5.71 R31A rCD2strep 100ul.fcs 41
WT rCD2strep 100ul.fcsJurkat
47.6 rCD2tet 50ul.fcs
Jurkat
WT SA-PE.fcs
3.18 rCD2strep 100ul.fcs 6.07 R31A SA-PE.fcs
3.01
Jurkat SA-PE.fcs
2.37
2

Figure 13. Increasing sensitivity with usage of rCD2 streptamers. (A) Schematic
Page 4 of 4
(FlowJo v8.7)
11/09/27 11:55
Page 3 of 4
(FlowJo v8.7)
11/09/27 11:55 coupled to a Page
Ox45 APC.fcs 70.8 molecules
representation of 100
a streptamer complex with threeR31A
streptavidin
PE2 of 4
100
R31A APC.fcs
75.1
fluorochrome, allowing the binding of 12 biotinylated protein of interest. (B) Evaluation of
80
80
binding of rCD2streptamer
(blue) comparing with rCD2tet binding (green).

11/09/27 11:55

!

60

40

20

154

% of Max

1A rCD2tet 50ul.fcs
26.9
1A rCD2strep 100ul.fcs 41
1A SA-PE.fcs
3.01

102
FL 2 Log: PE

% of Max

rkat rCD2tet 50ul.fcs
5.71
rkat rCD2strep 100ul.fcs 6.07
rkat SA-PE.fcs
2.37

10 1

60

40

20

4
10 1

2

3

10
10
FL 2 Log: PE
Q40R rCD2tet 50ul.fcs
Q40R rCD2strep 100ul.fcs
Q40R SA-PE.fcs

(Fl
WT Ox45 APC.fcs
WT APC.fcs

Results – CD5 Ligand Search

We are currently testing yet a newer approach that relies on attaching the
query receptor to Dynalbeads at a surface density of over 10,000 receptors per bead
(50) to form the so-called millimers. Knowing that all the rCD48 mutant cell lines
express rCD48 at roughly the same level (Fig. 12B), we incubated all cell lines with
beads only, beads coupled with rCD2 and beads coupled with rCD2 and posterior
labeling with anti-rCD2-PE. As a control we included Jurkat cells, shown not to bind
rCD2tet (Fig. 12C). We started by using 5 million beads per condition that
convincingly showed a good binding profile for all rCD48 mutants, but on the other
hand a significant background was being detected in our control (Jurkat cell line –
results not shown). When we decreased to 2 millions beads, we were still able to
detect a good population positive for binding of rCD2-coated beads while decreasing
the background detection in the Jurkat cell line (Fig. 14).
This approach is revealing to be much more sensitive, with positive results
even for the mutant with the weakest binding (Kd = 349 µM). Alhough we are still
improving the detection method for the counter receptor coated beads, we are
confident that increasing the sensitivity to make detectable very low affinity
interactions, such as that of rCD2 with rCD48 R31A or Q40R, will allow us to
generate a more accurate panel of cell lines with useful information concerning the
binding profile of CD5 and other orphan receptors. Eventually, that will hopefully
allow the determination of a list of candidates to be further tested with
complementary approaches.
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4.4

Discussion

Throughout the years the T cell surface environment has been extensively studied,
and we can confidently say that the complex net of participating molecules is
currently well defined (10). Beyond the knowledge of all the players present at T cell
surface, in order to better formulate and understand systematic models for T cell
activation, it is indispensable to also better define the interactions mediated by these
molecules and their putative counter receptors expressed at the APC, also a subject
that has held immunologists’ attention and effort.
Early studies identified CD72 as the receptor on B cells responsible for
interacting with CD5 (1). Based on the purification and biotinylation of CD5 from
whole cell lysates and subsequent screening of different cell lineages to identify
CD5L expressing cells, Van de Velde and colleagues used a panel of different
monoclonal antibodies to block CD5 binding. Different approaches have later
questioned the veracity of these results, as CD72 was never to be confirmed as the
CD5 binding partner. Immunoprecipitation, antibody blockage and recombinant
protein binding assays lead different researchers in distinct directions in the search
for the still unknown CD5 ligand (2, 3, 38).
Orphans receptors like CD5 raise the unavoidable issue of sensitivity, and
global applications of the techniques and methods used for the identification and
characterization of binding partner of T cell surface receptors. It is known that these
interactions are generally of low affinity (ranging form 1 to 100 µM) and structurally
heterogeneous, and these characteristics together will influence and determine the
fate of T cell activation (11), emphasizing the importance of identifying and
characterizing even the weakest interactions. Low affinities generally imply shortlived interactions, which make traditional affinity methods for ligand identification via
complex purification useless.
Our approach intended to increase the sensitivity of detection with the
production of multimeric forms of our query receptor. Firstly we produced a soluble
recombinant biotinylated protein comprising the total extracellular domain (Fig. 1-6)
and constructed a multivalent form, tetramers (Fig. 7) (12), that could allow the stable
and detectable binding to potential ligand-expressing cell lines. From the panel of cell
lines tested (Fig. 8-10) we did not obtain for CD5 an expected binding to 25-50% of
cell lines. Nevertheless, a few examples of CD5L expressing cells were obtained that
enabled us to proceed with the second key step of our proposed approach, the “tagprofiling” based on Illumina Inc sequencing (51, 52). The transcriptome of a first set
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of 14 cell lines (NK-92, 293T, U937, Hep3b, PM-1, DAUDI, an EBV B-cell, Raji, Molt4, J.Cam, THP-1, K562, Jurkat, HT-29) was obtained and the data for all transcripts
in each cell line were integrated in an SQL database. This could allow the sorting of
all tag transcripts from ligand expressing cells in comparison with ligand-devoid cells,
and to retrieve a manageable number of possible hints to use in further conventional
testing. Using this approach for our proof of principle (interaction CD2-CD58) our
objectives were fulfilled (Fig. 11). Nevertheless, in the case of CD5 the list of
candidate ligands had a very low score and high p-values (data not show), which
imposed new obstacles to overtake.
Some limitations to this method may require additional approaches for
successful ligand identification. If the mRNA expression of the ligand is very low, the
statistical analysis used may not be enough to identify it as a candidate. Even if the
expression is high but the permanence of the ligand at the cell surface, or its binding
to the counter receptor, are conditioned for some reason, we will not obtain the
correct correlation between detection of binding and levels of transcripts.
Furthermore the fact that we might be missing ligand-expressing cell lines due to a
lack of sensitivity of our detection reagent is a problem to consider. In order to avoid
this limitation, we produced more sensitive detection methods. Our results showed
that tetramers are only effective to detect affinities with Kd lower than ~50 µM (Fig.
12). On the other hand, our streptamers and millimers can increase the power of
detection and possibly equilibrate the ratio of CD5 binding cells versus unbound cells
(Fig. 13 and 14).
An alternative approach that we are currently undertaking is to wage on a
“negative selection” approach, i.e. picking one of the ligand-expressing cell lines and,
with fluorescence-activated cell sorting, promote enrichment of ligand-expressing
and ligand-free populations. The analysis of the transcriptome of both enriched
populations may lead to a more restricted form of meta-analysis that might generate
a list of candidates with higher scores and lower p-values in which we can trust and
follow our complementary methods to fully elucidate the nature and characteristics of
the CD5 ligand and its interaction.
Like CD5, there are more orphan receptors relevant in the context of T cell
activation. It is our interest that this approach can also be applicable to other
receptors, as well as for receptors with known and characterized interactions, like
CD6 (binding partner CD166), but that hold undisclosed alternative ligands. With the
transcriptome of a wide panel of cell lines and the required algorithm, providing
reliable binding data for receptor of interest will be enough for a short and
manageable list of potential/alternative ligands.
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The CD5 glycoprotein is a scavenger-like receptor proposed to have a number of different
roles in immune responses, such as regulator of cell death, receptor for pathogenassociated molecular patterns, and a modulator of T and B lymphocyte activation and
differentiation (Soldevila et al., 2011). It is also an important marker of B-cell leukemias.
The function of CD5 as an important regulator of lymphocyte signaling suggests it will be
important in disease processes such as autoimmunity and cancer (Dalloul, 2009). In this
thesis we have focused in trying to answer some questions concerning the
characterization and function of CD5.

An alternative inhibitory function for CD5 during T cell activation
Early studies on the characterization of the role of CD5 in T cell activation indicated that T
cell stimulation through OKT3 (mAb anti-CD3) needed an additional signal that was
provided by CD5 co-stimulation via anti-CD5 monoclonal antibodies, although the same
antibodies alone did not reveal any functional effect (Ceuppens and Baroja, 1986). Later,
based on the analysis of the phenotypes of CD5-deficient mice, CD5 became considered
to have an inhibitory role in T-cell signaling (Tarakhovsky et al., 1995), however the
precise molecular mechanisms of CD5-mediated inhibition have not been fully clarified. In
Chapter 1 of this thesis we reported a novel, and maybe parallel, pathway of CD5
inhibiton in the context of T cell activation. With no identified ligand yet, we mimicked CD5
triggering by stimulating Jurkat T cells with CD5 mAbs. Interestingly, some cellular
proteins become phosphorylated upon CD5 stimulation alone at different time points (Fig.
1A, Chapter 1). When analyzing the capacity of CD5 stimulation to induce ZAP-70
activation, we confirmed that CD5 is not implicated in early co-stimulation of T cells as
was early proposed, but rather promotes inhibition with the consequent decrease of ZAP70 phosphorylation (Fig. 1B and C, Chapter 1). These results are in agreement with those
of Perez-Villar and co-workers that reported a decrease in tyrosine phosphorylation when
comparing with stimulation with CD3 mAbs (Perez-Villar et al., 1999).
Tyrosine kinases are key mediators of signaling triggered by cell surface
receptors. The regulation of their activity is therefore critical in generating the appropriate
responses to external stimuli. In T cells, Fyn and Lck, which associate with the T-cell
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receptor and the CD4 or CD8 co-receptors, respectively, are the main Src kinases
involved in the early stages of T-cell activation (Gauen et al., 1992; Turner et al., 1990).
Src-family kinases adopt a closed and inactive conformation when the C-terminal
inhibitory tyrosine residue is phosphorylated and binds to its own SH2 domain (Xu et al.,
1999). Conversely, dephosphorylation of this residue by tyrosine phosphatases favors the
“open”, kinase-active state. We were further interested in characterizing CD5 stimulation
read-outs on SFKs activity. Surprisingly, although no effects were detect for Lck
phosphorylation, CD5 stimulation per se is capable of inducing Fyn phosphorylation, more
specifically the phosphorylation of the C-terminal inhibitory tyrosine residue, Y531 (Fig. 2,
Chapter 1).
The association of Lck and Fyn with different T cell receptors has been extensively
characterized, and CD5 is one of the molecules proven to associate with these signaling
effectors. In early nineties, Beyers and colleagues proposed for the first time that CD5
could associate with the multimolecular TCR complex together with CD3, CD2, Lck and
Fyn, the results being based on kinase assays of immunoprecipitated complexes (Beyers
et al., 1992). Several studies followed corroborating these associations. Moreover, Lck
and Fyn were implicated in CD5 phosphorylation, and although CD5 has no intrinsic
activity, it acts as a tyrosine kinase substrate (Burgess et al., 1992; Raab et al., 1994; Vila
et al., 2001).
In our studies we were interested in clarifying how CD5 stimulation would in turn
affect the activity of the SFKs, and how this would again reflect in the phosphorylation of
CD5. Our results clearly showed that CD5 stimulation leads to a repression of Fyn activity,
consistent with the increased phosphorylation of its C-terminal inhibitory tyrosine residue.
(Fig. 4A and B, Chapter 1). Despite the reduction of Fyn, CD5 phosphorylation increased
nevertheless, so presumably the activity of Lck, or eventually of other kinases may be
relevant in this occasion (Fig. 4C, Chapter 1). CD5 comprises four tyrosine residues on its
cytoplasmic tail (Y378, Y429, Y441 and Y463), and whether or not all these tyrosine
residues can be promptly phosphorylated is still a matter of debate, Dennehy and coworkers reported that only Y429 and Y463 are prominent sites of phosphorylation and
moreover able to recruit Lck, (Castro et al., 2003; Dennehy et al., 2001; Vila et al., 2001).
Taking advantage of Jurkat T cell lines stably transfected with truncation mutants that
have a decreasing number of tyrosine residues in cytoplasmic tail (Fig. 5A, Chapter 1), we
confirmed by kinase assays that in fact Lck is responsible for CD5 phosphorylation and
associates with its cytoplasmic tail (Fig. 5C, Chapter 1). Two truncations mutants, K384stop
and E418stop, that only comprise the membrane-proximal tyrosine residue, Y378, are
differentially phosphorylated, what make us believe that either Lck loses the capacity of
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associating with CD5 in mutant CD5.K384stop or there is still a specific sequence on
mutant CD5.E418stop relevant for CD5 phosphorylation.
Src-family kinases have a very finely controlled activity, as it dictates the fate of T
cell activation. These effects are mediated predominantly by the opposing activities of the
tyrosine phosphatase CD45 and the tyrosine kinase Csk (Cahir McFarland et al., 1993;
Okada et al., 1991). Increases in the activity of Src-type kinases can be further promoted
via their autophosphorylation of activation loop tyrosines (Veillette and Fournel, 1990). We
attempted to verify whether CD5 could intermediate the interaction/phosphorylation of Fyn
by Csk, since CD5 does not have any enzymatic activity and Csk is the specific kinase
known to phosphorylate Tyr531 of Fyn. Unfortunatelly we were not able to co-precipitate
neither Csk with CD5 nor CD5 with Csk (Fig. 6C, Chapter 1).
Lipid rafts are known be enriched, upon stimulation, in a number of signaling
effectors such as Lck, Fyn, LAT, and PAG, among others. We were interested to track the
movement of CD5 in relation to rafts and analyze any preferential interactions established
within or outside these microdomains. Strikingly, following antibody mediated activation
CD5 was massively translocated to lipid rafts where it associated with Lck, Fyn, PAG and
LAT but not with ZAP-70 or Csk, in agreement with previous results (Fig. 7, Chapter 1).
Since raft-associated CD5 interacts with Fyn and PAG, its role may be to sustain
the interaction between these two proteins, and avoid the disengagement of Csk. We
investigated whether CD5 stimulation would promote PAG dephosphorylation, since in a
resting state this molecule is constitutively phosphorylated and responsible for Csk
docking and inactivation (Davidson et al., 2003). Although CD5 stimulation does induce
PAG dephosphorylation, it only promotes gradual and partial Csk release from PAG (Fig.
8, Chapter 1).
We proposed the following stages of this pathway of T cell inhibition by CD5.
Coincident with a TCR trigger, the extracellular ligation of CD5 induces its translocation to
the sites of signaling initiation, where it closely interacts with Lck and Fyn, as well as with
the raft-resident adaptors PAG and LAT. CD5-associated Fyn is positioned to
continuously phosphorylate PAG at the Csk-docking site, contributing to the retention of
Csk at the membrane level, while at the same time Fyn is phosphorylated in turn by PAGbound Csk. Hence, Fyn’s own kinase capacity, although partially inhibited, is likely to keep
the Csk docking site of PAG phosphorylated. Consistent with this interpretation, our
results show that, in contrast to TCR mediated activation, there is no abrupt dissociation
of Csk from PAG following CD5 ligation. It is not fully clear what may be the mechanistic
role of CD5 in the assembly/disassembly of the Csk/PAG/Fyn complex, whether it
functionally blocks the release of Csk from PAG, or whether it simply accelerates the
coupling of Fyn with PAG. Given that CD5 associates with many of these signaling
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components within lipid rafts, it may be instrumental in the architecture of this regulatory
platform.

CD5 cytoplasmic tail sequences essential for its translocation to the IS
How exactly CD5 is recruited upon immunological synapse formation to the contact zone
formed between T cells and APCs is still not entirely understood, neither is the eventual
dependence of the function of CD5 on a putative counter receptor in the APC. In the
context of a T cell encounter with an APC, many are the surface molecules that undergo a
spatial reorganization based on the migration of evenly distributed molecules to a defined
dense area at the contact zone, as reviewed by Smith-Garvin et al. (Smith-Garvin et al.,
2009).
With studies from Calvo and colleagues and from our own studies described in
Chapter 4, we can discriminate from APCs that express the CD5 ligand (CD5L) from
those who do not (Fig. 8, Chapter 4)(Calvo et al., 1999). The close related SRCR family
member, CD6 is known to require the presence of its well-established counter receptor,
CD166/ALCAM, at the APC surface in order to be able to localize upon synapse
formation. Moreover, we have shown that this translocation is independent of the
cytoplasmic tail, conferring a ligand-binding dependent, cytoplasmic domain independent,
localization for CD6 (Castro et al., 2007). Nevertheless, our recent findings confirmed that
even without localizing at the synapse, CD6 is still able to exert its inhibitory effect
(Oliveira et al., 2012). We thus decided to investigate deeper the mode of regulation of
CD5 translocation to the IS, since little is known about this process, how or when CD5
localizes at synapse. Differently from CD6, CD5 localization at the synapse is not
dependent on the presence of a ligand in the APC (Fig. 1, Chapter 2). Although not
excluding a role for CD5-CD5L in the context of T cell activation and CD5 function, we
decided to evaluate whether the CD5 cytoplasmic domain would influence this
relocalization, as it was proven already to influence CD5 inhibition (Chapter 1).
A previous similar example was the case of CD28. Evaluation of the ability of
CD28 to localize at the contact zone, and investigating the determinant factors of this
recruitment, has resulted in the conclusion that although the absence of CD80/CD86 on
the APC impedes CD28 localization, suggesting an effect mediated by extracellular
domain binding (Bromley et al., 2001; Pentcheva-Hoang et al., 2004), the removal of the
cytoplasmic tail from CD28 resulted in its homogeneous distribution all over the T cell
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membrane, therefore also assigning a role for the cytoplasmic tail (Sanchez-Lockhart et
al., 2008).
Our results suggest an important role for the CD5 cytoplasmic tail as when we
allow T cells to interact with APCs we observe a differential localization of CD5 wild type
once compared with a CD5 mutant devoid of the cytoplasmic domain (Fig. 2, Chapter 2).
These results, together with what it is already known about CD5 function and dependence
on its cytoplasmic domain to exert inhibition through restricted and specific motifs
(Bamberger et al., 2011; Brossard et al., 2003; Perez-Villar et al., 1999), led us to further
investigate the specific sequences dictating this translocation, with a view to eventually
correlate with functional requirements.
Supported by a set of CD5 negative Jurkat T cells stably transfected with
truncation mutants for its CD5 cytoplasmic tail (Fig. 3A, Chapter 2), we were able to map
the region that is essential for CD5 migration through the membrane. We have mapped
the domain involved in the translocation of CD5 to the IS as the sequence between amino
acids Q418 and H449 (Fig. 3, Chapter 2). A CD5 mutant, H449stop just 22 aa short, is still
able to translocate to the IS, but is not capable of inducing Fyn phosphorylation as seen in
Chapter 1 (Fig. 6B, Chapter 1). Also the mutant CD5.E418stop, which lacks 2 important
tyrosine residues, is no longer transported to the synapse upon T cell:APC interactions, it
is nevertheless capable of being phosphorylated by Lck (Fig. 5C, Chapter 1).
One of the most intriguing and important motifs present in the CD5 cytoplasmic tail
is a sequence that resembles the consensus motif for an immunoreceptor tyrosine-based
activatory motif (ITAM), with only one difference from the consensus sequence (YxxI/Lx612YxxI/L).

This pseudo-ITAM comprises two of the four tyrosine residues present in the

CD5 cytoplasmic domain, Y429 and Y441. Brossard and co-workers explored the
importance of this sequence upon synapse formation and concluded that the pseudoITAM is indispensable for CD5 to exert its inhibitory function (Brossard et al., 2003).
Nevertheless, it was never assessed the real importance of this motif in the translocation
to the IS. The results obtained with our truncation mutants suggest the importance of a
specific stretch of sequence in this migration, and interestingly it is the mutant,
CD5.E418stop, with truncated pseudo-ITAM (Y429-L444), that no longer localizes upon T
cell:APC interaction.
Many are the interactions attributed to CD5 in the context of T cell activation.
Some of them are believed to be hold such specificity that a single point mutation can
disrupt the binding. If in fact CD5 translocation to the synapse is due to the recruitment/cotransport by other T cell components, then this association is possibly established
somewhere between residues Glu418 and His449. Producing specific point mutations for
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Y429 and/or Y441 will clarify the importance of this recognition site on CD5 function (Fig.
4 and 5, Chapter 2).
Summarizing, not excluding a role for the extracellular domain of CD5 binding to
an elusive APC-expressed ligand, a major mechanism of regulation of CD5 translocation
is dependent on molecular associations of CD5 at the membrane of T lymphocytes and on
signaling mechanisms. Moreover, kinetics of this translocation and its dependence on
specific sequences (Fig. 6, Chapter 2) might be influenced by the requirement of CD5
function at TCR proximity, which might even confer a dual role for CD5 during the whole
process of T cell activation. Further studies are to be performed on CD5L-expressing APC
for a complete and deep understanding of these mechanisms.

Key signaling effectors associating with the CD5 cytoplasmic domain might hold
the key for CD5 function and regulation
Given our previous results both on a new pathway of CD5-mediated T cell inhibition and
on the controlled localization of CD5 at the immunological synapse by specific sequences
within its cytoplasmic tail, it was mandatory to sort out and clarify the interactions held by
the cytoplasmic tail of CD5.
Several studies have relied on biochemical approaches, using mainly coprecipitations. Actually, these reports elucidated and demonstrated the capacity of
tyrosine-phosphorylated CD5 to recruit a number of SH2 domain-containing molecules.
Among these molecules were the p85 subunit of PI3K, RAS GAP and c-Cbl (Dennehy et
al., 1998; Dennehy et al., 1997), SHP-1 (Perez-Villar et al., 1999) and also Lck (Raab et
al., 1994). Nevertheless, these authors did not focus on the mode or mechanism of each
protein-protein interaction. Characterization is based on the attribution of a binding affinity
that is calculated through the kinetics of the interaction. And why is this knowledge so
important? Interactions of cytoplasmic soluble proteins with intracellular domains of
membrane receptors are indispensable in linking the extracellular environment with
effective signaling pathways. These are usually highly specific interactions with high
affinities when compared with cell-cell protein interactions, being determined by small
motifs comprised in both interacting molecules.
A

polemic

issue

concerning

CD5

characterization

and

function

is

the

phosphorylation pattern observed upon T cell activation, Dennehy and co-workers
described Y429 and Y463 as the only tyrosine residues readily phosphorylated (Dennehy
et al., 2001), in disagreement with Perez-Villar and colleagues that observed the
phosphorylation of Y378 and its association with SHP-1 (Perez-Villar et al., 1999).
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Biotinylated, phosphorylated peptides corresponding to the key phosphorylation
motifs CD5 were used in our studies and the affinities of a specific number of SH2
domains for each peptide were determined using surface plasmon resonance (SPR)based assays. In a first approach we have used three CD5 phosphopeptides
corresponding to phosphorylated Y463 and neighboring residues and the already named
pseudo-ITAM that comprises tyrosines Y429 and Y441, one peptide synthesized with both
tyrosines phosphorylated and another with only Y429 phosphorylated. The SH2 domains
tested were those of SHP-1, SHP-2, Lck, Fyn, ZAP-70, Csk and c-Cbl.
The measured binding affinities could help in defining the physiological binding
partners of CD5 in the T cell activation context. According to our previous results, Csk did
not associate directly with CD5 to promote the phosphorylation of the C-terminal inhibitory
tyrosine residue of Fyn. However, the affinity of the interaction between the SH2 domain
of Fyn and CD5 phosphopeptides was, together with c-Cbl, the strongest that we have
measured, strongly suggesting that Fyn and c-Cbl are possibly main partners connecting
CD5 stimulation with cellular responses. The proto-oncogene c-Cbl was recently related
with ubiquitination of CD5, therefore controlling its expression by targeting it to
degradation by the proteasome (Demydenko, 2010). With these results we are strongly
convinced that the preferential association of c-Cbl with CD5 might be the basis of yet
another way for the inhibitory function of this molecule, that together with CD5 comes in
closer proximity with essential stimulatory and signaling effector molecules targeting them
to degradation reducing the strength of activation (Thien et al., 2005).These interactions
are assumed to be highly selective but when measured in solution and analyzed
independently, comparing the SH2 domains interactions with specific and non-specific
ligands, the differences in binding strengths can be surprising.
This approach to evaluate and characterize protein-protein interactions is
remarkably important and reliable but needs to take into account the fact that each
individual protein acts in a complex system of receptors and signaling soluble molecules.
In a physiological context the net of receptors and complementary signaling effectors
utilizes preferential recognition and/or different binding affinities at different stages and
locals throughout the whole process of T cell activation to ensure the quality and efficiency
of the response. Our analysis still needs to embrace new SH2 domains from T cell
intracellular signaling molecules in order to broaden our understanding on how CD5 will
complete the puzzling processes of T cell signaling pathways.
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Clues towards finding of a CD5 ligand, implications for a non-orphan receptor
One of the keys to better understand the T cell activation process relies on defining the
topological arrangement and molecular associations of receptors at the surface of T
lymphocytes. In early studies, the focus was made on biochemical events triggered upon
cellular activation, and on the function of molecular associations of representative
receptors at the T-cell surface, such as CD2, TCR/CD3, CD5 and CD6 (Carmo et al.,
1999; Castro et al., 2003; Castro et al., 2002). However, the function of these receptors
depends on the context of the activation process, the constraints imposed by the
interaction with the APC dictated much of the outcome of the cellular responses.
One serious limitation when we consider the immunological role of determined Tcell surface receptors is that many of the receptors still have no defined ligand. Many
surface receptors still lack a binding partner, such as CD69, one of the earliest antigens
expressed upon activation of lymphocytes with a controversial role in immune response
modulation (Sancho et al., 2005), CD101, thought to play a co-stimulatory role in T-cell
activation, and CD96, which is up-regulated upon activation but has no assigned function
as yet.
This is also the case of CD5 that although having been assigned with an inhibitory
role in T-cell signaling based on the phenotypes of CD5-deficient mice (Tarakhovsky et
al., 1995), cannot have the precise mechanism of signaling regulation determined due to
the lack of a defined ligand. CD5 has been reported to interact with a variety of different
surface molecules expressed by accessory cells, including CD72 (Van de Velde et al.,
1991), gp40-80 (Biancone et al., 1996), gp150 (Calvo et al., 1999), and IgV(H) framework
region sequences (Pospisil et al., 1996), but none of these molecules has been
substantiated as a CD5 ligand.
Therefore, contrasting with the extensive and detailed information already obtained
for the composition of the T-cell surface by Evans and colleagues (Evans et al., 2003;
Evans et al., 2009), the collection of complementary structures that interact with these
molecules is still largely incomplete. Until most of the missing interactions between the
two cellular surfaces are revealed, no clear outcomes can be confidently predicted from
the interactions between T cells and APCs.
By expressing CD5 as a soluble receptor in a mammalian expression system and
assembling the receptor in multimeric forms or conjugates, we were able to determine
which, if any, cell lines used routinely as APCs expressed the elusive CD5-ligand (CD5L)
(Fig. 1-8, Chapter 4).
A full transcriptome database of the entire set of cell lines was generated and
analyzed using Illumina Inc’s ’Tag-seq’ gene expression analysis protocol. This sequence
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short tags from each transcript identify the genes expressed and allows quantification of
that expression. The innovation of our methodology is precisely the complementation of
both approaches, so by searching for correlations between the binding of the multivalent
receptor and the gene expression profiles of the target cells (Fig. 8 and 11, Chapter 4), we
were expecting to obtain a restricted and manageable number of “hits” comprising
transcripts encoding putative ligands. Nevertheless, although for CD58 used as test query
the list of candidates highlighted CD2 as possible binding partner with high scores, the
same was not true in the case of CD5.
Different levels of binding sensitivity can be employed in this assay, the query
receptor is produced as a tetramer allowing the detection of medium-low affinity ligand
interactions, or streptamer, slightly increasing sensitivity, or it is placed at the surface of
Dynabeads (10,000-100,000 molecules per bead), giving sufficient binding avidity to allow
for the detection of very low-affinity interactions. As the expression density of CD5L at the
surface of the APC is not known, and neither is the affinity that CD5 will display towards
its counter receptor, it is important to define the strength of interaction of a single bound
CD5-CD5L as well as the combined strength of multiple ligations that can be either of low
or high affinity. Stone and colleagues reviewed the importance of this dual perspective for
the TCR and the impact on function and activation (Stone et al., 2009). Furthermore,
three-dimensional binding in the fluid phase is biologically and physically distinct from twodimensional binding occurring between proteins of two apposing cell membranes as
shown by Huang and co-workers (Huang et al., 2007).
Even though the ligand has not been identified as yet and improving the technical
approach remains a major goal, we were successful in identifying the cells that truly bind
recombinant CD5 and that allowed us to study the impact of having a CD5 ligand during T
cell-APC interactions (Chapter 2). The identification and characterization of the true ligand
will further allow us to assess the CD5 molecular intracellular associations and the
functional signaling consequences of these interactions when CD5L is expressed at the
surface of the APC, versus cases in which T cells interact with CD5L-devoid cells.
Importantly, this approach was conceived to be applicable in the identification of all
possible ligands of orphan receptors. Moreover, it can be used for the clarification of
alternative ligands for receptors with assigned and well-characterized binding partners.
Identification and characterization of the unknown ligands will allow us to better
understand T cell activation.
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