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Abstract
Antigen presentation during which antigen fragments in complex with MHC glycoproteins
are recognized by T cell antigen-specific receptors is necessary for the initiation of adaptive
immune response. During this process, immunological synapse is assembled at the site of
contact between the T cell and the antigen-presenting cell (APC). This leads to the activation
of receptors on the surface of both cells followed by triggering of multiple signaling
pathways. However, our knowledge about the signaling occurring at the APC-side of the IS is
limited in comparison to the T cell side. Here, we analyze role of Src family kinases in the
APC signaling pathways. For this purpose, constructs targeting Csk kinase to the plasma
membrane of APCs were prepared to inhibit SFKs there. We show that expression of these
constructs inhibits activation of SFKs, calcium mobilization and cell activation of K46 B cell
line. Further, expression of these constructs in hematopoietic progenitors attenuates their
differentiation into dendritic cells which then results in their decreased ability to stimulate T
cells.

Key words: cell signaling, antigen-presenting cells, dendritic cells, B cells, MHCII, Src
family kinases
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Abstrakt
Antigenní prezentace, během které jsou antigenní peptidy vázané na MHC glykoproteiny
rozeznávány antigenně-specifickými receptory T buněk, je nezbytná pro spuštění adaptivní
imunitní odpovědi. Během tohoto procesu vzniká v místě kontaktu T lymfocytu a antigen
prezentující buňky (APC) molekulární struktura zvaná imunologická synapse. V ní dochází
k aktivaci receptorů obou zúčastněných buněk a následnému spuštění řady signálních kaskád.
Ve srovnání s T buňkou je však signalizace probíhající v APC mnohem méně prostudována.
V této práci se snažíme objasnit roli kináz z rodiny Src v signálních drahách APC. K tomuto
účelu jsme připravili konstrukty, které přivádějí na plasmatickou membránu APC kinázu Csk,
která zde inhibuje kinázy rodiny Src. Ukazujeme zde, že exprese těchto konstruktů v B
buněčné linii K46 inhibuje aktivaci kináz rodiny Src, mobilizaci vápníku a aktivaci těchto
buněk. Dále jsme zjistili, že exprese těchto konstruktů v hematopoetických progenitorech
blokuje jejich diferenciaci na buňky dendritické. To pak vede ke snížení účinnosti antigenní
prezentace takto získanými buňkami.
Klíčová slova: buněčná signalizace, antigen prezentující buňky, dendritické buňky, B
buňky, MHCII, kinázy z rodiny Src
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1. Introduction
To initiate the adaptive immune response, T cells which are the main regulators and
effectors of this immune response have to be activated. In contrast to B cells, they are not able
to recognize native antigen. Instead, the antigen must be presented to T cells by other cell
types. This presentation is carried out by antigen presenting cells (APCs) which include
dendritic cells (DCs), B cells and macrophages. APCs engulf antigens and present their
fragments bound to major histocompatibility complexes (MHC) on the cell surface. These
complexes are recognized by cognate T cell antigen-specific receptors (TCR). This leads to
the formation of molecular structure mediating the interaction between the cells, called
immunological synapse (IS), followed by activation of the T cell and initiation of the immune
response.
Moreover, the APC-T cell contact also stimulates receptors at the APC-side of the IS
influencing future fate of the APC. However, the signaling events occurring in APCs have
been rather neglected and thus, knowledge about these pathways is considerably limited in
comparison to the T cell signaling. Moreover, the involvement of Src family kinases (SFKs),
the important regulators of multiple cell processes, in signaling triggered from the APC side
of IS is poorly understood. For this reason, we decided to study SFKs and their role in
signaling pathways emanating from the IS in the APCs.
For this purpose, we prepared constructs targeting C-terminal Src kinase (Csk), the
specific inhibitor of SFKs, to the plasma membrane where SFKs are located. Expression of
these constructs in APCs then allows to study the role of SFKs in IS formation and antigen
presentation. The great advantage of this approach is that SFKs in T cells are untouched
during the antigen presentation. Under such conditions SFKs in the APCs can by studied
separately from T cell SFKs during the signaling in the IS. This would not be possible if a
chemical SFKs inhibitor was used, entering both cell types.
Here, preparation of such inhibitory constructs is described, followed by the preliminary
analysis of their behavior inside the cells and their influence on the APC signaling pathways.
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2. Literature review
2.1.

Antigen presentation

Presentation of antigen to T cells is necessary for the initiation of adaptive immune
response. Antigen fragments bound to MHC glycoproteins are presented on the surface of
APCs in the secondary lymphoid organs. The peptide-MHC complex is recognized by TCR
on the surface of the T cell. This leads to the stimulation of multiple signaling pathways and T
cell activation. Activated T cells proliferate, differentiate and migrate to the site of
inflammation where they perform their effector functions or become memory T cells.
There are basically two main modes of antigen presentation mediated either by MHCI or
MHCII glycoproteins. MHCI glycoproteins are expressed on the surface of all nucleated cells
and typically present peptides of cellular origin. The peptide-MHCI complex is recognized by
TCR associated with CD8 co-receptor. As a result, only CD8+ T cells are activated in this
way. In contrast, MHCII glycoproteins usually present antigen fragments acquired from the
extracellular space. They activate CD4+ T cells and are expressed mainly on professional
APCs (Trombetta and Mellman, 2005). Due to the focus of the experimental part of this
thesis, the following paragraphs will discuss only the MHCII-mediated antigen presentation.

2.1.1.
Antigen processing and peptide loading on MHCII
As mentioned above, MHCII molecules present mostly exogenous peptides that originate
from endocytosed material (Fig. 1). Antigens are engulfed by fagocytosis, macropinocytosis
or receptor-mediated endocytosis. Then, they are digested by acidic proteases in lysosomes.
Vesicles containing peptides generated during this process fuse with MIIC (MHCII complexrich) compartment specialized for loading of the peptides onto MHCII molecules. MHCII
proteins are synthesized at the membrane of the rough endoplasmic reticulum (ER) where
they associate with a protein called invariant chain (Ii) that prevents ER-resident peptides to
bind to MHCII. Ii-MHCII complex is then transported through the secretory pathway to the
MIIC compartment where Ii is replaced by a fitting peptide. Subsequently, peptide-MHCII
complex is transported to the plasma membrane and presented to a CD4+ T cell (Trombetta
and Mellman, 2005).
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Fig. 1 - Antigen processing and peptide loading on MHCII (Neefjes et al., 2011)

2.2.

Antigen presenting cells

There are several cell types able to present antigen to T cells, however, only few of them
are professional APCs. They are characterized by expression of MHCII glycoproteins,
costimulatory molecules and proteins necessary for antigen processing. Thus, they are
optimally equipped for the efficient antigen presentation. The professional APCs include DCs,
B cells and macrophages (Trombetta and Mellman, 2005). However, only the role of DCs and
B cells in the antigen presentation will be described in more detail here because of the
experimental focus of this thesis.

2.2.1.
B cells
Although, the main role of B cells is production of antibodies they also function as APCs.
Antigens to be presented on the surface of B cells in complex with MHCII are most often
engulfed by the mechanism of receptor-mediated endocytosis. Antigen binding to the B cell
antigen-specific receptor (BCR) leads to internalization of the antigen-BCR complex
(Stoddart et al., 2002) and subsequent targeting into the MIIC compartment (Siemasko et al.,
1999) where the antigen fragments are loaded on MHCII molecules as described above. This
mechanism of antigen capture allows B cells to efficiently endocytose a particle in antigen14

specific manner and to present the antigen to CD4+ T cells that recognize peptides originating
from the same endocytosed material. During this T cell-B cell interaction, B cells can receive
help to proliferate and become antibody-secreting cells that is the most important outcome of
this event. Further, naïve T cells can be primed or T follicular helper cells receive
differentiation signals during such an encounter (Rodriguez-Pinto, 2005, Ramiscal and
Vinuesa, 2013).
To present an antigen efficiently, B cell need to receive signals via BCR and CD40
receptors. As mentioned above, BCR stimulation by antigen triggers its internalization and
transport to the MIIC compartment. Also, the activation of BCR promotes maturation of MIIC
compartment (Siemasko et al., 1998) and increases expression of CD86 costimulatory
molecule (Lenschow et al., 1994). At the same time, engagement of CD40 receptor by its
ligand CD154 on the surface of T cell delivers critical pro-survival and differentiation signals
to B cell as discussed in more detail below. In addition, it stimulates expression of
costimulatory molecules CD86 and CD80 (Roy et al., 1995) and, moreover, it improves
processing of antigen (Faassen et al., 1995).

2.2.2.
Dendritic cells
While B cells and macrophages have other critical roles, for DCs antigen presentation
seems to be the primary function. They are the most potent APCs. DCs engulf antigens at the
periphery and migrate to secondary lymphoid organs to present peptides derived from these
antigens to naïve T cells. In addition, DCs are able to polarize T cell response or induce
tolerance. They are characterized by intensive endocytosis. While macropinocytosis and
fagocytosis are the main sources of presented antigens, they also use the mechanism of
receptor-mediated endocytosis. Moreover, antigenic peptides can be captured from DC
surroundings and directly bound to MHCII molecules on the surface of DC. Another property
contributing to the high antigen presentation capacity of DCs is high expression of MHCII
and costimulatory molecules. In addition, presence of dendrites, and thus large cell surface of
DCs, enables stimulation of multiple T cells at the same time (Trombetta and Mellman, 2005).

2.2.2.1. DC differentiation
Although, the general name of dendritic cells implies homogenous cell population, DCs
include many different subsets. Basically, there are two main subsets of DCs: classical (cDCs)
and plasmacytoid (pDCs). pDCs are found mostly in lymphoid organs and blood, express
15

B220 B cell marker and low levels of CD11c marker, MHCII and costimulatory molecules.
They play an important role in anti-viral immune response producing high quantity of type I
interferons in response to recognition of viral nucleic acids and presenting antigens (Reizis et
al., 2011). The second subset, cDCs, is found in majority of lymphoid and non-lymphoid
tissues and plays the typical role in antigen presentation initiating immune response or
inducing tolerance. cDCs express CD45 leukocyte marker, Flt3 (fms-like tyrosine kinase 3)
cytokine receptor, and high levels of CD11c and MHCII glycoproteins. They are further
divided to non-lymphoid tissue and lymphoid tissue cDCs. The non-lymphoid cDCs include
CD103+ CD11b- cDCs typical for connective tissues, as well as CD103- CD11b+ cDCs, and
Langerhans cells residing in epidermis. These cells constitutively migrate to draining lymph
nodes (LNs) where they present antigens to T cells. In inflammatory conditions, the migration
is even increased and cDCs undergo maturation that will be described later. The lymphoid
tissue cDCs differentiate and are resident in LNs, spleen, thymus and mucosa-associated
lymphoid tissue. They involve two subsets: CD8+ cDCs situated mostly in thymus and
CD11b+ cDCs typical for the remaining lymphoid organs (Merad et al., 2013).
Majority of DCs are short-lived cells. Thus, they need to be constitutively replaced by
progenitors from blood. As other blood cells, DCs originate from hematopoietic stem cells
located in the bone marrow. The hematopoietic stem cells give rise to common myeloid and
common lymphoid progenitors (CMPs and CLPs) that can both differentiate to pDCs and
cDCs. However, abilities of CMPs and CLPs to develop into different DCs subsets are not
equal; for instance, CMPs rather give rise to the splenic and LNs cDCs, in contrast, CLPs
rather differentiate to the thymic cDCs. Concerning the CMPs, they differentiate to
macrophage DC progenitors (MDPs) which then give rise monocytes or common DC
progenitors (CDPs). CDPs develop to pDCs or cDC-restricted progenitors pre-cDCs (preclassical DCs). Pre-DCs migrate from the bone marrow to the lymphoid or non-lymphoid
tissues where they differentiate to cDCs. DCs can also develop from monocytes in an
inflammatory environment (Merad et al., 2013). DC differentiation is controlled by cytokines,
especially by Flt3 ligand. Flt3 ligand is produced by activated T cells and stromal and
endothelial cells and has the receptor, called Flt3, expressed on the surface of cells throughout
the DC lineage. Another cytokine contributing to DC differentiation is GM-CSF
(granulocytes-macrophage colony-stimulating factor) that is widely experimentally used for
preparation of bone marrow-derived DCs in vitro. In this way, large numbers of homogenous
cDCs are prepared (Schmid et al., 2010).
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2.2.2.2. DC maturation
To gain the ability to efficiently prime T cells, DCs have to undergo a differentiation
process called maturation. Immature DCs in tissues constitutively engulf antigens transiently
presenting them on their surface. After short exposure of a peptide-MHCII complex on the
cell surface, the complex is endocytosed and degraded in lysosomes. This process is regulated
by ubiquitinylation of MHCII cytoplasmic tail executed by E3 ligase MARCH 1 (Wilson et
al., 2004, De Gassart et al., 2008). Similarly, expression of CD86 costimulatory molecule is
regulated by MARCH 1 ligase in immature DCs which reduces CD86 levels (Corcoran et al.,
2011). Such immature DCs are not able to prime T cells rather inducing their deletion or
differentiation to regulatory cells. This mechanism contributes to the maintenance of
peripheral self-tolerance (Steinman and Nussenzweig, 2002).
The maturation is triggered by signals including microbial components, inflammatory
cytokines and CD40 ligand present on the surface of T cells (Trombetta and Mellman, 2005).
Among the receptors transmitting the maturation signals, toll-like receptors (TLRs) are of the
exclusive importance. TLRs are membrane receptors that bind wide range of microbial
products including lipopolysacharide (LPS), lipoproteins and nucleic acids, and transduce
signals leading to production of pro-inflammatory cytokines and expression of costimulatory
molecules (Kaisho and Akira, 2006).
The maturation signals induce migration of DCs from tissues to LNs (Roake et al., 1995).
Early after DC receives the maturation signal, antigen uptake mediated by macropinocytosis
is temporarily upregulated and subsequently downregulated (Fig. 2) (West et al., 2000, West
et al., 2004). During the process of maturation, peptide-MHCII complexes are accumulated on
the surface of DCs. Firstly, this is caused by maturation-induced downregulation of MARCH
1 ligase resulting in decreased endocytosis and degradation of the complexes (De Gassart et
al., 2008, Wilson et al., 2004). Secondly, acidification of lysosomes, and thus their activation,
is induced (Trombetta et al., 2003) facilitating increased generation of peptide-MHCII
complexes (Inaba et al., 2000). Later on, synthesis of new MHCII glycoproteins is reduced in
mature DCs (Wilson et al., 2004). Together these changes result in the reduction of peptideMHCII turnover and increased cell surface accumulation of MHCII molecules binding
peptides captured during the presence of the maturation signal. In addition, surface expression
of CD86 costimulatory molecule is increased during the maturation (Inaba et al., 1994). It is
likely caused by downregulation of MARCH 1 ubiquitine ligase targeting CD86 for
lysosomal degradation, similarly to the MHCII molecules (Corcoran et al., 2011). Expression
of the costimulatory molecules is critical for the DCs capacity to efficiently prime T cells.
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Fig. 2 - DC maturation (Reis e Sousa, 2006)

As mentioned above, maturation signals transduced by TLRs induce production of
inflammatory cytokines by DCs. In this way, DCs function as modulators of T cell
differentiation thereby polarizing immune response into Th1, Th17 or other subtypes
depending on the produced cytokines. The production of cytokines by DCs is controlled by
complex TLR-triggered signaling pathways that are summarized in several reviews (e.g.
Kaisho and Akira, 2006). Interestingly, these pathways include SFKs activation which this
thesis is focused on. Moreover, SFKs play a significant role in regulation of cytokine
spectrum produced by TLR-activated DCs thereby controlling the T cell polarization. Kuka
and colleagues showed that inhibition of SFKs by their chemical inhibitor PP2 blocks TLRinduced secretion of proinflammatory cytokines including IL-12 (interleukin), TNFα (tumor
necrosis factor α), IL-6 and IL-1, however, secretion of IL-23 and also expression of the
costimulatory molecule CD86 were not affected (Kuka et al., 2010). IL-12 is the key factor
for differentiation of naïve CD4 T cells to Th1 subset. IL-23 is a cytokine inducing
proliferation and survival of Th17 subset (Gutcher and Becher, 2007). Indeed, the SFKs
inhibition in DCs impaired Th1 differentiation of naïve CD4 T cells when cultured in DCproduced supernatant, however, proliferation of the naïve T cells and their differentiation to
Th17 subset were not affected (Kuka et al., 2010). Thus, SFKs participating in TLR signaling
in DCs are important regulators of immune response polarization.
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2.3.

Immunological synapse

During antigen presentation, a specialized molecular structure, called immunological
synapse (IS), is formed at the contact of APC and T cells. In the IS, receptors and signaling
molecules of the both participating cells are concentrated thus facilitating stimulation of
signaling pathways and influencing the fate of these cells (Friedl et al., 2005). There are two
different areas in the IS: central and peripheral supramolecullar activation cluster (cSMAC
and pSMAC) (Fig. 3). TCR binding MHCII and accompanied by other signaling molecules
are situated in cSMAC whereas pSMAC surrounds the cSMAC area and is composed of
adhesion molecules, e.g. LFA1 (lymphocyte function-associated antigen 1) and its binding
partner ICAM1(intercelullar adhesion molecule 1), forming an adhesive circle (Monks et al.,
1998).

Fig. 3 - Immunological synapse (modified according to Freidl et al., 2005)

ISs differ in the duration of the interaction and exist from several minutes to hours
depending on the properties of APC, T cell and the environment and the dose of presented
antigen. They can also differ in the level of organization. The most stable and organized one
is a monocentric IS described by Monks et al. where cSMAC and pSMAC are clearly
separated. There is also a secretory IS that is derived from the monocentric IS and contains
additional secretory domain where cytokines or granzymes and perforins are exocytosed to
the intercellular space. Further, less organized ISs, so called multicentric ISs, or ISs missing
cSMAC/pSMAC separation can be formed between APC and T cell (Friedl et al., 2005).
Several receptors are located at the IS at both, APC and T cell side, and signaling pathways
are triggered from both of them when the receptors bind their ligands across the IS. Although,
these signaling events decide the future fate of both cells, only T cell signaling and its
consequences are known in detail, while APC signaling has been rather neglected. Despite

19

this disproportion, APC side of IS, especially in DCs, will be discussed here in more detail
because of the experimental focus of this thesis.

2.3.1.
T cell side of the IS
At first, signaling events occurring at the T-side of the IS will be described briefly. The
central molecules found at the T-side of IS are TCR complex and CD28 costimulatory
receptor. Although, TCR signaling is known to trigger activation of T cell it would not be
possible without costimulation provided by CD28 signals triggered by binding to CD80 and
CD86 molecules on the surface of APC (Miller et al., 2009). TCR engagement by peptideMHCII complex leads to activation of various protein tyrosine kinases, including SFKs, and
subsequent phosphorylation of adaptor protein LAT. The phosphorylated LAT binds a
number of other signaling molecules and adaptors forming a signalosome critical for
downstream signaling. These signaling events result in the activation of several transcription
factors and induce proliferation and differentiation to effector and memory T cells (SmithGarvin et al., 2009). Activation of T cells is often experimentally assessed by measuring the
expression of a suitable activation marker, e.g. CD69 molecule (Marzio et al., 1999).

2.3.2.
APC side of IS
APC side of the IS has molecular structure similar to the T cell-side of the IS because of
the reciprocal ligand-receptor interactions. At the APC-side of IS, cSMAC and pSMAC areas
are also found. In the cSMAC, MHCII glycoproteins, binding TCR across the IS, are located
(Rodriguez-Fernandez et al., 2010). In the pSMAC, adhesive molecules ICAM1 and ICAM3
are located binding LFA1 molecules in the pSMAC of T cell. This interaction is required for
IS formation and MHCII clustering on surface of DCs (de la Fuente et al., 2005, Barreiro et
al., 2007).
APCs used to be considered passive players during antigen presentation. Their side of the
IS was thought only to serve to display antigens bound to MHCII molecules. However,
several receptors found on the APC side of the IS, including MHCII and CD40 molecules,
trigger downstream signaling pathways and influence the fate of the APC. Moreover, APC IS
contains other surface receptors, structural proteins and cytoplasmic signaling molecules with
variable functions. The signaling events, occurring at the APC-side of IS, will be discussed in
the following chapter.
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2.4.

Signaling at APC-side of IS

2.4.1.
MHCII signaling in B cells
MHCII glycoproteins can be stimulated by their ligands including TCR complex (Lang et
al., 2001), LAG-3 molecule (Triebel et al., 1990), superantigens (Mourad et al., 1989) or
experimentally by MHCII-recognizing antibodies (Cambier and Lehmann, 1989). This
MHCII stimulation leads to increased expression of CD80 and CD86 costimulation molecules
(Nabavi et al., 1992, Nashar and Drake, 2006), reorganization of actin cytoskeleton (PartidaSánchez et al., 2000) and reinforcement of B cell-T cell adhesion in LFA-1-dependent or –
independent manner (Mourad et al., 1990, Kansas and Tedder, 1991), and eventually
production of antibodies (Mourad et al., 1989). However, MHCII stimulation can also trigger
programmed death of activated and transformed B cells (Truman et al., 1994, Drenou et al.,
1999).
At the molecular level, several molecular signaling events have been detected after MHCII
activation. These include increased protein tyrosine phosphorylation (Lang et al., 2001)
caused by activation of SFKs (namely Lyn and Fgr) and Syk kinase (Morio et al., 1994,
Kanner et al., 1995). Also, phosphoinositide-3 kinase (PI3K) (Bobbitt and Justement, 2000),
protein kinases C (PKC) (Cambier et al., 1987, Rich et al., 1997), Akt (Ak transforming)
kinase (Mone et al., 2004) and MAP (mitogene-activated protein kinase) kinase cascade,
comprising MEK1/2 and ERK1/2 (Haylett et al., 2009) , are activated after MHCII
stimulation. Further, calcium mobilization, likely caused by increase of inositoltriphosphate
(IP3) levels, is triggered by MHCII engagement of B cells (Lane et al., 1990, Haylett et al.,
2009). Recently, adaptor protein SCIMP (SLP65/SLP76, Csk-interacting membrane protein)
involved in MHCII signaling was described. SCIMP is localized in the IS and is
phosphorylated after MHCII stimulation. The phosphorylated SCIMP binds SLP65, Grb2 and
Csk proteins. The adaptor protein SLP65 is important for triggering of downstream signals
among which ERK1/2 activation is SCIMP-dependent (Draber et al., 2011). Finally, MHCII
transduces signals leading to activation of NFAT-1 transcription factor and increased AP-1
transcription factor formation (Haylett et al., 2009).
As shown above, MHCII stimulation triggers several downstream signaling pathways.
However, MHCII molecules have only short cytoplasmic tails lacking signaling motives
(Apostolopoulos et al., 2008) and thereby they are unable to transduce signals themselves.
Thus, the signaling initiation is mediated by MHCII-associated molecules, namely Igα/β
(Lang et al., 2001), CD19 (Bobbitt and Justement, 2000), CD20 (Leveille et al., 1999) and
MPYS (Jin et al., 2008). Interestingly, Igα/β dimer and CD19 protein are the key transducing
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molecules in BCR-triggered signaling (Kurosaki et al., 2010). Thus, analogy between BCR
and MHCII signaling was proposed. After BCR activation, Igα/β is phosphorylated by kinase
Lyn, a member of SFKs. This enables binding and activation of kinase Syk. Syk then
phosphorylates SLP65 adaptor protein that binds a range of signaling molecules among which
Grb2 and PLCγ are of particular interest. Grb2 adaptor mediates activation of MAP kinase
cascade while PLCγ produces IP3 and DAG molecules necessary for calcium mobilization
and activation of PKC kinases (Koretzky et al., 2006, Kurosaki et al., 2010). After BCR
stimulation, CD19 molecule binds PI3K that also triggers activation of PLCγ and, moreover,
activation of Akt kinase (Hikida and Kurosaki, 2005, Kurosaki et al., 2010). Many of these
signaling events triggered by BCR stimulation were also observed after MHCII engagement
supporting the model of BCR and MHCII signaling analogy. Also, both, BCR and MHCII
signaling, are negatively regulated by CD22 molecule that is phosphorylated and binds SHP-1
phosphatase after stimulation of both receptors (Bobbitt and Justement, 2000, Crocker et al.,
2007).

2.4.2.

MHCII signaling in DCs

2.4.2.1. MHCII signaling of cell death
Similarly to B cells, MHCII engagement of DCs can lead to programmed cell death.
However, only mature DCs, in contrast to immature ones, are sensitive to this stimulus and
die after MHCII engagement (Bertho et al., 2000, McLellan et al., 2000b). On the contrary,
Fas-mediated cell death is triggered in immature but not in mature DCs. This different
sensitivity could be explained by different expression levels of these receptors during DCs
development: there are low levels of MHCII and moderate levels of Fas receptor on surface of
immature DCs, however, mature DCs are MHCII-positive with no expression of Fas
(McLellan et al., 2000b). Nevertheless, signaling pathway that controls the MHCII-triggered
apoptosis in mature DCs is poorly understood. It is dependent on activation of PKCδ that
translocates to the nucleus after the activation (Bertho et al., 2002) and is known to trigger
cell death in multiple cell types (Yoshida, 2007). Further, the MHCII-mediated apoptosis of
mature DCs is dependent on MEK/ERK pathway, activation of PI3K (Lokshin et al., 2002),
actin polymerization and presence of divalent cations (McLellan et al., 2000a). On the other
hand, it does not require tyrosine kinases, production of NO (nitric oxide), respiration and
RNA and protein biosynthesis (Bertho et al., 2000, McLellan et al., 2000a, Bertho et al.,
2002). Dependence on activation of caspases is controversial when two groups showed that
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MHCII-mediated apoptosis of DCs is caspase-independent (Bertho et al., 2000, McLellan et
al., 2000a) and another group showed caspase requirement (Lokshin et al., 2002). Moreover,
MHCII-triggered cleavage of caspases-3, -9 and -10 was described (Lokshin et al., 2002).
Also, requirement of phosphatases is ambiguous because of contradictory data (McLellan et
al., 2000a, Bertho et al., 2002). Several functional changes occurring during the MHCIImediated apoptosis of mature DCs were described. These include exposure of
phosphatidylserine in extracellular leaflet of the plasma membrane, loss of potential on the
inner membrane of mitochondria, increased numbers of hypodiploid cells, chromatin
condensation and membrane blebbing (McLellan et al., 2000a).

2.4.2.2. MHCII signaling in DC maturation
In the previous paragraph, it was mentioned that MHCII stimulation has different effects
depending on the differentiation state of DCs and leads to apoptosis only in mature DCs. In
contrast, maturation of DCs is induced by MHCII stimulation in immature DCs. Specifically,
it is triggered by engagement of MHCII by its natural ligand LAG-3 (Andreae et al., 2002)
that is expressed on the surface of activated T and NK cells and also regulatory T cells
(Triebel et al., 1990, Huang et al., 2004). LAG-3-mediated MHCII activation of immature
DCs induces formation of dendritic extensions, increased expression of costimulatory
molecules (CD40, CD83, CD86 and CD80) and proinflammatory cytokines IL-12 and TNFα.
Further, MHCII-stimulated DCs are losing capacity of antigen endocytosis and become more
efficient activators of T cells inducing their proliferation and production of interferon γ
(Andreae et al., 2002). Andreae and colleagues showed that these maturation events were
triggered by LAG-3-mediated MHCII stimulation, not by activation by antibody against
MHCII (Andreae et al., 2002), that is in contrast with results of Lokshin at al. that described
increase of maturation markers expression and homotypic adhesion after MHCII crosslinking
by antibodies (Lokshin et al., 2002). LAG-3-mediated MHCII-activation of DCs further leads
to increased production of chemokines including IL-8, CCL3, CCL2 and CCL17, decreased
expression of CCR5 chemokine receptor and increased expression of CCR7 chemokine
receptor that all together supports migration of DCs to the secondary lymphoid organs
(Buisson and Triebel, 2003). Signaling events required for the MHCII-triggered maturation
involve protein tyrosine phosphorylation, activation of PLCγ, Syk kinase, PI3K/Akt pathway
and also activation of MAP kinases ERK and p38 (Andreae et al., 2003, Lokshin et al., 2002).
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In contrast to the above described LAG-3-induced maturation of DCs, LAG-3 engagement
of MHCII during interaction between DCs and regulatory T cells suppresses maturation of
DCs. Liang and colleagues showed that coincubation of regulatory T cells with DCs
presenting cognate peptide caused decreased expression of CD86 costimulatory molecule on
DCs and that this effect requires presence of MHCII and LAG-3 molecules on the surface of
DCs and regulatory T cell, respectively. Further, MHCII crosslinking led to decreased levels
of other costimulatory molecules on DCs and lower production of IL-12. Also, DCs were less
potent to activate T cells. In regulation of this inhibition of maturation, signaling molecules
FcγRγ, ERK and SHP-1 are involved (Liang et al., 2008).

2.4.3. MHCII in plasma-membrane microdomains
MHCII glycoproteins which are the central molecules of the IS of APCs were shown to be
associated with two distinct types of the plasma-membrane microdomains, lipid rafts and
tetraspanin-enriched microdomains (TEMs). Lipid rafts are well established signaling
platforms enriched in cholesterol, specific types of glycolipids and acylated proteins. The
proteins found in lipid rafts are often involved in mediating signal transduction through
various receptors. They include SFKs, G-proteins, transmembrane adaptor proteins, and
others (Harder, 2004). MHCII association with the lipid rafts is enabled by the presence of
multiple cysteins in the MHCII transmembrane domain that are suitable for acylation which
serves as a targeting signal to lipid rafts (Kaufman et al., 1984, Huby et al., 1999). The
association with lipid rafts is thought to be involved in the regulation of MHCII signaling (AlDaccak et al., 2004). TEMs are protein-protein interaction-based microdomains consisting of
tetraspanins, proteins four-times passing the membrane, and their associated proteins (YanezMo et al., 2009). MHCII was shown to associate with several tetraspanins, including CD9,
CD37, CD53, CD63, CD81 and CD82 (Angelisova et al., 1994, Rubinstein et al., 1996).
Moreover, CD37, CD53 and CD81 tetraspanins translocate to the IS during antigen
presentation (Mittelbrunn et al., 2002, Draber et al., 2011), indicating that TEMs are present
in the IS. APC TEMs and their association with MHCII are also thought to be important for
proper T cell activation (Kropshofer et al., 2002), although this issue is still a matter of
discussion (Poloso et al., 2006).
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2.4.4. CD40 signaling in B cells
The second important receptor at the IS is CD40 molecule that is present in cSMAC and is
engaged by CD40 ligand (CD40L) expressed on the surface T cells (Boisvert et al., 2004). In
B cells, CD40 engagement leads to clustering and subsequent association with TRAF (TNFRassociated factor) adaptor proteins. These are responsible for triggering of the canonical and
non-canonical NFκB pathways, PI3K/Akt pathway, activation of MAP kinases (JNK and p38)
and PLCγ. These signaling events control survival, proliferation and differentiation of B cells
including formation of germinal centers, somatic hypermutation and isotype switching. Thus
T cells provide B cells with help to become long-lived antibody-producing cells (Elgueta et
al., 2009).

2.4.5.

CD40 signaling in DCs

2.4.5.1. CD40 signaling regulating DC survival
Similarly to B cells, CD40 stimulation prolongs survival of DCs (Miga et al., 2001) that
usually undergo cell death in lymph nodes (Kamath et al., 2002). This survival stimulus is
important to keep alive DCs presenting antigen to T cells because the DC-T cell contact has to
exist for up to several hours (Friedl et al., 2005). Indeed, it was described that the interaction
of CD40 with CD40L on T cell surface prolongs survival of DCs (Miga et al., 2001), for
example by induction of expression of cIAP-2 (cellular inhibitor of apoptosis protein-2)
(Aicher et al., 1999). Stimulation of CD40 molecule also leads to activation of Akt1 kinase
(Riol-Blanco et al., 2009) that is a key molecule in the prosurvival PI3K/Akt signaling
pathway (Downward, 2004). According to the results of Riol-Blanco and colleagues, it seems
that T cell surface molecule CD40L binds CD40 protein during IS formation and CD40 is
activated. This leads to activation of PI3K, subsequent translocation of Akt1 to the plasma
membrane and its phosphorylation and thereby activation. They also observed increase in
general protein tyrosine phosphorylation and nuclear translocation of NFκB transcription
factor triggered by the IS formation (Riol-Blanco et al., 2009), which induces expression of
anti-apoptotic members of Bcl2 (B cell lymphoma) family, e.g. Bcl-XL (Downward, 2004).
Possibly, NFκB activation is caused by the activation of Akt1 because Akt1 is able to activate
IKK kinase which than phosphorylates inhibitor of NFκB (IκB) leading to IκB degradation
(Downward, 2004). Moreover, transcription factor FOXO1 is translocated to cytoplasm in
response to the IS formation (Riol-Blanco et al., 2009). Thus, its function, residing in
transactivation of pro-apoptotic members of the Bcl2 family (e.g. Bim), is blocked. The
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cytoplasmic translocation may be caused by phosphorylation by Akt1 (Downward, 2004).
These data show the role of CD40-induced PI3K/Akt1 pathway in prolonged survival of DCs
caused by formation of IS with T cell. However, inhibition of PI3K did not completely block
IS formation-induced protection from cell death of DCs (Riol-Blanco et al., 2009). Possibly,
this is a result of a PI3K-independent activation of NFκB pathway, as CD40-mediated
activation of NFκB, namely p50/cRel dimer, was also shown to prolong survival of DCs
(Ouaaz et al., 2002). Model of CD40-induced prosurvival signaling is represented in Fig. 4.
These pathways may also contribute to CD40 stimulation-induced resistance to MHCIItriggered cell death of DCs (McLellan et al., 2000a) that has been described above.

Fig. 4 - CD40-induced prosurvival signaling pathway (Rodriguez-Fernandez et al., 2010)

2.4.5.2. CD40 signaling and DC maturation
In addition to its role in DC survival, CD40-mediated signaling also contributes to
maturation of DCs. Engagement of CD40 induces enhanced expression of MHCII
glycoprotein, CD80 and CD86 costimulatory molecules and ICAM-1 adhesion molecule, and
also increased production of cytokines, including IL-12 and IL-6. Thus, after CD40
engagement DCs prime T cells more efficiently (Cella et al., 1996, Yanagawa and Onoe,
2006). These events are connected with the ability of CD40 to associate with TRAF adaptor
proteins, especially TRAF6 (Ishida et al., 1996, Kobayashi et al., 2003). This activates
downstream signaling pathways employing p38 and JNK (Jun kinase) kinases, and also NIK
(NFκB-inducing kinase) kinase which activates NFκB transcription factor in the noncanonical way (Yanagawa and Onoe, 2006, Pullen et al., 1999).

2.4.6.
Other signaling events at the APC side of IS
In addition to the MHCII and CD40 receptors described above, cytoskeleton plays an
important role in IS formation and T cell priming. These events are blocked when F-actin
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clusters located at DC-side of IS are disrupted (Al-Alwan et al., 2001). Further, plexin-A1 and
its coreceptor neuropilin were found at the DC-side of IS (Eun et al., 2006, Tordjman et al.,
2002). Plexin-A1 triggers activation of Rho protein that regulates actin cytoskeleton and
expression of MHCII on the surface of DCs (Kamon et al., 2006, Eun et al., 2006). Moreover,
downregulation of plexin-A1 results in decreased ability of DCs to prime T cells (Wong et al.,
2003). Also, presence of another actin-regulating protein WASP (Wiskott-Aldrich syndrome
protein) that stimulates actin polymerization is required for IS stability (Pulecio et al., 2008).
Concerning the microtubule cytoskeleton, endosomal compartments containing MHCII
molecules are transported along the microtubules to the IS (Boes et al., 2002).
Additional pathways include Notch1 receptor which is located in the pSMAC of DC while
its ligands Jagged and DDL1 reside in the cSMAC. Conversely, Notch1 receptor is present in
the cSMAC of T cell while the Notch ligands are located in the pSMAC. During IS formation,
reciprocal Notch signaling occurs in both interacting cells. As a result, Notch1 receptor is
processed and its fragment and other molecules like HES-1 and phosphorylated STAT3 are
translocated to the nucleus. It was suggested that Notch-induced activation of the STAT3
transcription factor provides both cells with prosurvival signals (Luty et al., 2007, Stephanou
and Latchman, 2005).
Further, CD70 molecules are delivered to the IS along with peptide-MHCII complexes and
engage CD27 costimulatory receptors on the surface of the T cell (Keller et al., 2007, Hintzen
et al., 1995). Finally, spinophilin, a scaffolding protein that binds actin cytoskeleton and
several signaling molecules (e.g. protein phosphatase 1) in the neuronal synapse (Allen et al.,
1997, Grossman et al., 2002), is found at the IS of DCs and is necessary for proper antigen
presentation (Bloom et al., 2008).

2.4.7.
Src family kinases
Among the wide range of signaling molecules involved in signaling pathways triggered at
the APC side of the IS belong the SFKs. The following paragraphs summarize regulation of
SFKs in general and their role in APC-IS signaling.
Src, the first member of Src-family of non-receptor tyrosine kinases, was originally
discovered as molecule responsible for transforming activity of oncogenic Rous sarcoma
virus. Then cellular SFKs including Src, Lyn, Lck, Fyn, Yes, Fgr, Hck and Blk were
described. They hold wide range of functions controlling cell growth and division,
differentiation, adhesion, cell death and also immune system, e.g. TCR and BCR signaling.
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Because of the control of these important cell functions, SFKs have to be strictly regulated,
otherwise, their aberrant activation can lead for example to uncontrolled cell growth and thus,
cancer development (Martin, 2001, Kurosaki et al., 2010, Smith-Garvin et al., 2009).

2.4.7.1. Regulation of SFKs
For understanding of SFK regulation, knowledge of their structure is necessary. All
members of the Src family have very conserved domain structure consisting of C-terminal tail
and four Src-homology (SH) domains (Fig. 5). In the C-terminal tail, the inhibitory tyrosine
(Tyr 527, numbered according to the Src member), crucial for the SFKs regulation, is
situated. The C-terminal tail is preceded by kinase domain, also called SH1 domain, which
contains the activatory tyrosine (Tyr 416) that has to be phosphorylated to reach the full
kinase activity. Further, there are SH2 and SH3 domains recognizing a peptide containing
phosphorylated tyrosine and a proline-rich peptide, respectively. The only non-conserved part
of SFKs is the N-terminal unique domain (SH4) containing sites for myristoylation (in all
SFKs) and palmitoylation (in all except for Src and Blk) targeting SFKs to the plasma
membrane (Engen et al., 2008). Specifically, the palmitoylation targets them to the lipid rafts
(Oneyama et al., 2009).

Fig. 5 - SFK domain structure (Okada, 2012)

As mentioned above, the excessive activation of SFKs can lead to uncontrolled cell
growth. Therefore, they need to be actively maintained in an inhibited state if there is no
activation signal. This is ensured in catalytic and non-catalytic way. The non-catalytic
inhibition is caused by direct binding of the regulatory proteins including WASP, RACK1
(receptor for activated C kinase) and caveolin. In contrast, the more effective catalytic
regulation is based on phosphorylation of SFKs by Csk kinase, and will be discussed in more
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detail below. Also, another kinase (CHK) and phosphatases (PEP, TCPTP, CD45 and SHP1)
are involved in SFKs regulation (Chong et al., 2005).
Csk phosphorylates the inhibitory tyrosine at the C-terminus of SFKs (Nada et al., 1991).
This phosphorylated tyrosine engages in an intramolecular interaction with the SH2 domain
and, simultaneously, the SH3 domain intramolecularly interacts with the linker that connects
the kinase with the SH2 domain. As a result, SFK assumes closed inactive conformation (Xu
et al., 1997). This mechanism of SFK inhibition allows for regulation of SFK activity by
phosphorylation and dephosphorylation of the inhibitory tyrosine. Protein tyrosine
phosphatases CD45 and CD148 expressed in hematopoietic cells are the most prominent
among the proteins known to dephosphorylate this inhibitory tyrosine, and thus release SFKs
from the autoinhibited state (Hermiston et al., 2009). The major kinase phosphorylating this
tyrosine is Csk, as mentioned above. However, the regulation of SFKs is even more complex.
The inactivating interaction between the SH2 domain and the phosphorylated inhibitory
tyrosine is relatively week and so it can be displaced by an interaction of the SH2 or SH3
domains of SFKs with their higher affinity target sequences in other proteins. In this way,
SFKs can also be activated (Moarefi et al., 1997, Porter et al., 2000).
As Csk is the principal regulator of SFKs, its activity also needs to be strictly controlled.
Csk has domain structure very similar to SFKs, however, the regulatory tyrosines in the
kinase domain and the C-terminal tail and myristoylation and palmitoylation sites at the Nterminus are missing in the Csk molecule (Nada et al., 1991). This means that Csk is not
modified with any plasma membrane-targeting lipid thereby being located in the cytoplasm.
Thus, the main Csk-activating mechanism is its targeting to the plasma membrane to
proximity of the substrates, SFKs. This function is held e.g. by transmembrane adaptor
proteins such as PAG, interacting with SH2 domain of Csk (Brdicka et al., 2000, Kawabuchi
et al., 2000). The interaction also causes a conformational change of Csk thereby leading to an
increase in its kinase activity (Wong et al., 2005). In addition to the SH2 domain, SH3 domain
is also important for the activity of Csk (Lin et al., 2006).

2.4.7.2. Role of SFKs in IS signaling in B cells and DCs
As mentioned above, SFKs regulates wide range of cellular processes. They also play a
role in the IS, namely in MHCII signaling. In B cells, SFK members Lyn and Fgr are
activated in response to MHCII stimulation (Morio et al., 1994) and protein tyrosine
phosphorylation and calcium mobilization are dependent on their activation (Jin et al., 2008).
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In contrast, MHCII-triggered activation of PKCβ and ERK and also cell death were shown to
be SFK-independent. The MHCII-induced activation of SFKs is probably mediated by Igα/β
dimer analogically to the BCR signaling where Lyn phosphorylates Igα/β triggering
downstream signaling pathways (Kurosaki et al., 2010). Alternatively, the MHCII-induced
SFKs activation can be mediated by CD20 molecule that also associates with MHCII
glycoprotein (Leveille et al., 1999) and its cross-linking leads to SFKs activation (Deans et
al., 2002). Another molecule playing role in regulation of MHCII-induced SFKs activation is
SCIMP adaptor that constitutively associates with Lyn kinase. After MHCII engagement,
SCIMP can be phosphorylated by Lyn or Src and binds SLP65 adaptor and Csk kinase
controlling downstream pathways (Draber et al., 2011). Although, several signaling events
connected with MHCII-triggered activation of SFKs were described, their role in the
regulation of B cell physiology is largely unknown. Moreover, there are almost no data about
the role of SFKs in the IS of DCs, except for the fact that protein tyrosine kinases are not
required for MHCII-induced apoptosis of mature DCs (Bertho et al., 2002). For this reason,
we decided to study the role of SFKs in the IS of APC, especially DCs.

3. Materials and methods
3.1.

Materials

3.1.1.
Cells, bacterial strains, mice
 Cell lines:
K46 (derived from mouse B cells)
HEK 293 and Phoenix-Eco (derived from human epithelial kidney
cells)
- cell line collection of Department of Leukocyte Signaling, IMG AS CR


Bacterial strain:

Escherichia coli – strain TOP10

- Invitrogen, Carlsbad, CA, USA


Mice: C57BL/6 mouse
OTII transgenic mouse with C57BL/6 genetic background

3.1.2.
Media
 IMDM, DMEM and RPMI media - supplied with 10% FBS (fetal bovine serum) and
antibiotics (penicillin 100 U/ml, streptomycin 100 μg/ml, gentamicin 40 µg/ml)


SOC medium
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LB medium (without or with ampicillin 100 µg/l)



LB agar (1.5 %) with ampicillin
- tissue culture media facility IMG AS CR, Prague, CR

3.1.3.
Plasmids and primers
 Plasmids:
LAT-Csk(kinase active)-Myc-OFP/pMX
LAT-Csk(kinase dead)-Myc-OFP/pMX
LAX-Csk(kinase active)-Myc-OFP/pMX
CD25-Csk(kinase active)-Myc-OFP/pMX
Csk(kinase active)-Myc-OFP/pMX
- prepared by P. Otahal
SCIMP/pcDNA3
- prepared by P. Draber


Oligo(dT)18 Primer
- Fermentas, Burlington, Canada



PCR primers
- designed and purchased from Sigma-Aldrich

name
I-A(b) beta-chain
I-A(d) beta-chain
I-A(b) beta-chain
I-A(d) beta-chain
SCIMP
SCIMP
CD37
CD37
CD53
CD53
pBABE

F/R
forward

restriction site
BamHI

sequence
taaggatccgccaccatggctctgcagatccccagc

reverse

BamHI

tgaggatccctgcaggagccctgctggag

forward
reverse
forward
reverse
forward
reverse
forward

BamHI
BamHI
BglII
BglII
BglII
BglII

taaggatcctcccacagcaatgagttggtgg
tgaggatccaaacgagctgtgtaaacccacttcag
taaagatctgccaccatgtccgcccaagagagttgcc
tgaagatctgcggtaccgggccagccg
taaagatctgccaccatgggcatgagcagcctgaaattg
tgaagatctcagccctaaagcctggcttgttttg
ctttatccagccctcac

3.1.4.
Enzymes
 RevertAid Reverse Transcriptase and Reaction Buffer, restriction endonucleases
(BamHI, BglII) and buffers, FastAP Thermosensitive Alkaline Phosphatase, T4 ligase
- Fermentas, Burlington, Canada


Phusion High-Fidelity DNA polymerase, Phusion HF Buffer
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- Thermo Scientific, Rockford, USA


Quick Ligation Kit
- New England Biolabs, Ipswich, USA

3.1.5.
Chemical reagents
 FBS (fetal bovine serum)
- Gibco BRL, Paisley, UK


DMSO, EDTA, ethidiumbromide, polybrene, 1,4-dithio-D,L-treitol (DTT), glycine,
Tween 20, Hoechst 33342, probenecid, ampicillin, polyethylenimine, ammonium
persulphate, LPS (Salmonella enterica), ovalbumin (323-339) (OVA-peptide for
MHCII presentation), PMA, ionomycin
- Sigma-Aldrich, St. Louis, MO, USA



KHCO3, NH4Cl
- Lachema, Prague, CR



NaCl
- Lachner, Prague, CR



agarose, Tris, bromphenol blue
- Amresco, Solon, Ohio, USA



acetic acid, glycerol, isopropanol, methanol
- Penta, Prague, CR



loading dye for DNA electrophoresis, dNTPs
- Fermentas, Burlington, Canada



GeneRuler 1 kb and100 b DNA Ladder
- Thermo Scientific, Rockford, USA



LipofectaminTM 2000, Opti-MEM Reduced Serum Medium
- Invitrogen, Carlsbad, CA, USA



SDS, ethanol, HCl
- Merck, Darmstadt, Germany



30% Acrylamide – Bis solution (29:1)
- Serva, Heidelberg, Germany



TEMED
- USB Corporation, Cleveland, USA



SDS-PAGE marker
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- Bio-Rad Laboratories, Richmond, CA, USA


dried milk
- Promil, Novy Bydzov, CR



ECL Western blotting detection reagents
- Amersham Life Science Ltd., Little Chalfont, UK



FuraRed
- Molecular Probes, Oregon, USA



Streptavidin
- Jackson Immunoresearch, Soham, UK



SCF, IL-3, IL-6, GM-CSF
- home-made

3.1.6.
Buffers and solutions
 PBS (phosphate buffered saline)
- 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 154 mM NaCl, pH 7.2
- tissue culture media facility IMG AS CR, Prague, CR


PBS-Tween
- 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 154 mM NaCl, 0.05% Tween 20



HBSS
- 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2,
1.0 mM MgSO4, 4.2 mM NaHCO3
- tissue culture media facility IMG AS CR, Prague, CR



ACK buffer
- 0.5 g KHCO3, 4.145 g NH4Cl, 100 μl 0.5 M EDTA to 500 ml H2O



TAE buffer
- 40 mM Tris, 20mM acetic acid, 1 mM EDTA, pH 8



sample buffer for SDS-PAGE (2×)
- 100 mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 0.02% bromphenol blue



Tris-HCl buffer
- 0.1 M Tris, 0.5M NaCl, pH 8



SDS-PAGE Stacking gel solution
- 3.6% acrylamide – bis solution (29:1), 0.125M Tris-HCl, 0.1% SDS, pH 6.8



SDS-PAGE Separating gel solution
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- 8-10% acrylamide – bis solution (29:1), 0.375 M Tris-HCl, 0.1% SDS, pH 8.8


SDS-PAGE running buffer
- 250 mM glycine, 10 mM Tris, 0.1% SDS, pH 8.3



Western blotting buffer
- 48 mM Tris, 39 mM glycine, 20% methanol



Polyethylenimine (10X)
- 4.3 g/l polyethylenimine, HCl, pH 7.4

3.1.7.
Commercial kits
 Quick RNATM MiniPrep, Zymoclean Gel DNA Recovery Kit, Zyppy Plasmid
Miniprep Kit
- Zymo Research, Orange, USA


JETSTAR Plasmid Kit
- Genomed GmbH, Löhne, Germany



BigDye Terminator v3.1 Cycle Sequencing Kit
- Applied Biosystems, Foster City, CA, USA

3.1.8.
Antibodies
 anti-myc tag (9B11) mouse monoclonal antibody
anti-phospho Src family (Tyr 416) rabbit monoclonal antibody
anti-phospho Lyn (Tyr 507) rabbit monoclonal antibody
- Cell Signaling, Danvers, Massachusetts, USA


anti-GAPDH rabbit polyclonal antibody
goat anti-mouse IgG antibody conjugated with horse radish peroxidase (GAM-G Px)
- Sigma, St. Louis, MO, USA



goat anti-rabbit antibody conjugated with horse radish peroxidase (GAR Px)
- Bio-Rad Laboratories, Richmond, VA, USA



Fc block – anti-CD16/32 monoclonal antibody
- supernatant from 2.4G2 hybridoma



anti-mouse I-A/I-E monoclonal antibody conjugated to FITC
anti-mouse I-A/I-E monoclonal antibody conjugated to biotin
anti-mouse CD69 monoclonal antibody conjugated to APC
anti-mouse CD25 monoclonal antibody conjugated to APC
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anti-mouse CD86 monoclonal antibody conjugated to Pacific blue
- BioLegend, San Diego, California USA


anti-human CD25 monoclonal antibody conjugated to FITC
anti-mouse/human CD11b monoclonal antibody conjugated to FITC
- Exbio, Prague, CR



AffiniPure F(ab’)2 fragment goat anti-mouse IgM, µ chain specific
- Jackson Immunoresearch, Soham, UK



anti-mouse CD11c monoclonal antibody conjugated to APC
- eBioscience, San Diego, California USA



anti-mouse IgM monoclonal antibody conjugated to Pacific blue
anti-mouse CD4 monoclonal antibody conjugated to Pacific blue
- home-made

3.1.9.
Laboratory devices
 pipets and pipetman
- Gilson, Middleton, USA


spectrophotometer

Eppendorf

BioPhotometer

Plus,

Eppendorf

Thermomixer,

centrifuges Eppendorf 5810R, 5417R, 5424
- Eppendorf, Hamburg, Germany


UV transluminator
- Herolab, Wiesloch, Germany



XP Cycler
- Bioer, Hangzhou, China



Ultrasonic Homogenizer - 4710 Series
- Cole-Parmer Instrument Co, Vernon Hills, IL, USA



Biorad Mini Protean III apparatus
- Bio-Rad Laboratories, Richmond, VA, USA



TE70X Semi-dry Transfer Unit, HE 33 Mini Submarine DNA electrophoresis unit, PS
500XT DC power supply
- Hoefer Scientific Instruments, San Francisco, CA, USA



Fomei Optima developer
- Fomei, Hradec Kralove, CR



Leica TCS SP5 confocal microscope
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- Leica Microsystems Heidelberg GmbH, Mannheim, Germany


Shaking incubator
- Shel Lab, Portland, USA



Ecclipse TS100 microscope
- Nikon, Tokyo, Japan



Cellometer Auto T4
- Nexcelom Bioscience LLC, Lawrence, USA



BDTM LSRII cytometer, BD Influx cell sorter
- BD Biosciences, San Jose, CA, USA

3.1.10.
Other material
 microtubes 1.5 ml
- Eppendorf, Hamburg, Germany


microsieve (Cell Strainer, 70μm)
- BD Falcon, Franklin Lakes, New Jersey, USA



tissue culture dishes and plates, tubes 15 ml and 50 ml
- TPP, Trasadingen, Switzerland



BioTraceTM NT Nitrocellulose Transfer Membrane
- Pall Corporation, New York, USA



Chromatography paper Whatman 17 CHR
- Whatman, Maidstone, England



Saran foil
- Dow Chemical, Midland, MI, USA



Kodak Medical X-ray General Purpose films, blue
- Kodak, Rochester, NY, USA



Lab-Tek chambered coverglasses (8 wells)
- Nunc, Thermo Fisher Scientific, New York, USA



1.2ml Microtubes Loose NS
- Alpha Laboratories Ltd, Hampshire, UK



Corning 96 Well Clear V-Bottom
- Corning, Tewksbury, USA
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3.2.

Methods

3.2.1.
Cell culture
Human cell lines HEK 293 and Phoenix-Eco were cultured in DMEM medium while
mouse cell line K46 was cultured in IMDM medium, both supplied with 10% FBS (fetal
bovine serum) and antibiotics (penicillin 100 U/ml, streptomycin 100 μg/ml, gentamicin 40
µg/ml). Cells were frozen in FBS supplied with 10% DMSO (Sigma-Aldrich) and stored in
liquid nitrogen.
3.2.1.1. Preparation of spleen single-cell suspension
Mouse was sacrificed by cervical dislocation. The spleen was excised under the sterile
conditions and passed through a microsieve (BD Falcon Cell Strainer, 70μm) to get single cell
suspension of splenocytes. Sample was then treated with hypotonic buffer (1X ACK, 1 min,
RT) to lyse and remove erythrocytes.
3.2.1.2. Preparation and cell culture of NUP98-HOXB4 cells
The immortalized hematopoietic stem cells (NUP98-HOXB4 cells) were prepared by
A.Drobek based on the protocol published by Ruedl and colleagues (Ruedl et al., 2008). Bone
marrow cells were infected with a retroviral vector for expression of NUP98-HOXB4 fusion
protein. HOXB4 transcription factor supports maintenance of hematopoietic stem cell
character for several weeks. NUP98 protein targets the fusion NUP98-HOXB4 protein to the
nucleus.
The NUP98-HOXB4 cells were cultured in IMDM medium supplied with SCF, IL-3 and
IL-6 prepared in the Laboratory of leukocyte signaling.
3.2.1.3. DC differentiation and harvesting
The NUP98-HOXB4 cells were washed with PBS to remove SCF, IL-3 and IL-6 cytokines
from the culture and then cultured in non-tissue culture treated dish in IMDM supplied with
home-made GM-CSF for 8 days to differentiate to DCs. The medium was replaced by the
fresh one every 2 days to ensure sufficient concentration of GM-CSF.
After 8 days of differentiation, DCs were harvested from the dish for further use. Floating
cells were collected and remaining cells were released by EDTA (Sigma-Aldrich) treatment (5
min, 37 °C). These two cell populations were mixed and used for further experiments.
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3.2.2.

Methods of molecular genetics

3.2.2.1. RNA isolation
Splenocytes and K46 cells were washed with RPMI medium or PBS, respectively. RNA
was isolated using commercial kit Quick RNATM MiniPrep (Zymo Research). Concentration
of isolated RNA was measured by spectrophotometer Eppendorf BioPhotometer Plus at 260
nm and RNA quality was assessed using RNA electrophoresis in agarose gel.
3.2.2.2. DNA and RNA electrophoresis in agarose gel
DNA and RNA fragments are separated according to their length in agarose gel when
voltage is applied. For the agarose gel preparation, 1% agarose and 0.5μg/ml
ethidiumbromide were dissolved in 1X TAE buffer. Samples were mixed with 1/5 vol of
loading dye (Fermentas), loaded into the gel and separated under constant voltage 100 V.
DNA or RNA with intercalated ethidiumbromide were then visualized using UV
transluminator. The length of fragments in particular bands was determined based on the
mobility DNA markers GeneRuler 1 kb or 100 b DNA Ladder (Thermo Scientific).
3.2.2.3. Reverse transcription of RNA
The isolated RNA was transcribed into cDNA using reverse transcriptase. 1 μg of RNA
was coincubated with 100 pmol of Oligo(dT)18 Primer (Fermentas) (65°C, 5 min). Then,
Reaction Buffer (1X) (Fermentas), dNTP mix (1mM of each nucleotide) (Fermentas) and
RevertAid Reverse Transcriptase (200 u) (Fermentas) were added and samples were
incubated (42°C, 60 min and 70°C, 10 min). XP Cycler (Bioer) was used for all the
incubations.
3.2.2.4. Bacterial transformation
Escherichia coli TOP10 strain of competent cells was used for transformation. Freshly
thawed competent bacteria suspension was mixed with plasmid DNA (10 ng) and incubated
30 min on ice. Then, bacteria underwent a heat shock (42 °C, 45 s) and were returned to the
ice for another 3 min. After addition of SOC media (1 ml), bacteria were incubated in
Eppendorf Thermomixer (37 °C, 30 min, 800 rpm). Subsequently, bacteria were centrifuged
(2500 g, 3 min), resuspended in SOC media (100 μl) and plated to LB agar plate supplied
with ampicillin antibiotic serving for selection of the transformed clones carrying ampicillin
resistance gene. Bacteria were grown overnight at 37 °C.
3.2.2.5. Isolation of plasmid DNA
For midipred isolation of plasmid DNA, one colony of the transformed bacteria was
selected and inoculated into LB medium (50 ml) supplied with ampicillin (100 µg/l). Bacteria
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culture was grown in a shaker (Shel Lab) (37 °C, overnight). Plasmid DNA was isolated using
JETSTAR Plasmid Kit (Genomed). For miniprep isolation, transformed bacteria were grown
in 1.5 ml of LB medium with 100µg/l ampicillin and Zyppy Plasmid Miniprep Kit (Zymo
Research) was used.
3.2.2.6. Polymerase chain reaction
Polymerase chain reaction (PCR) enables an amplification of desired DNA sequence using
repeating cycles of DNA denaturation, sequence-specific primers annealing and DNA
extension catalyzed by a termostable DNA polymerase. The PCR reaction mixture contained
Phusion High-Fidelity DNA polymerase (0.02 u/µl) (Thermo Scientific), Phusion HF Buffer
(1X) (Thermo Scientific), dNTP mix (0.2 mM of each nucleotide) (Fermentas), forward and
reverse primers (0.5 µM) (ordered from Sigma-Aldrich) and template DNA (10 ng of plasmid
DNA or estimated amount of cDNA). The DNA denaturation was carried out at 98 °C, 15 s.
The annealing temperature was designed according to the primers’ sequence using
Oligonucleotide

Properties

Calculator

web

site

(http://www.basic.northwestern.edu/biotools/oligocalc.html) and annealing time 30 s was
used. DNA extension was performed at 72 °C and the duration of this phase was designed
according to the expected length of product considering extension the rate 2-4 kb/min. The
cycle was repeated 35 times. XP Cycler (Bioer) was used.
When bacterial clones were screened for the presence of an insert in a plasmid or when the
correct orientation of an insert was examined, the bacterial colonies were used as DNA source
for PCR. For this purpose, in-house prepared Taq polymerase was used. The settings were the
same as in the case of the Phusion polymerase, however, extension rate 1 kb/min was
considered and only 30 cycles were carried out.
3.2.2.7. Isolation of DNA from agarose gel
Bands containing DNA fragments of desired size were cut out of the agarose gel and the
DNA was isolated by Zymoclean Gel DNA Recovery Kit (Zymo Research).
3.2.2.8. DNA restriction cleavage
To cleave plasmid DNA or PCR products in sequence specific manner, restriction
endonucleases purchased from Fermentas were used. Reaction mixture included 2µg of
plasmid DNA or estimated amount of PCR product, a restriction endonuclease (0.5 u/µl)
(Fermentas) and appropriate restriction buffer recommended by the manufacturer
(Fermentas). The digestion was carried out at 37 °C for 2 hours or overnight.

39

3.2.2.9. Dephosphorylation of the ends of the digested plasmids
5’-end phosphates in the digested plasmids were removed before ligation with inserts to
prevent their self-ligation. The cleaved plasmid DNA was treated with FastAP
Thermosensitive Alkaline Phosphatase (Fermentas) (0.05 u/μl, 37 °C, 20 min). Then, the
phosphatase was inactivated by high temperature (75 °C, 10 min).
3.2.2.10. DNA ligation
To insert a DNA fragment into a linearized plasmid, they were mixed in molar ratio 10 : 1
(fragment : vector). The fragment was inserted into the plasmid due to the complementarity of
DNA overhangs which have arisen during the restriction cleavage. The DNA molecules were
joined by a T4 ligase enzyme. Quick Ligation Kit (New England Biolabs) (30 min, RT or
overnight, 16 °C) or T4 ligase (Fermentas) (2 h, RT or overnight, 16 °C) were used.
3.2.2.11. DNA sequencing
Sequence of DNA fragments inserted into the plasmids was verified by DNA sequencing.
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) was used while the
manufacturer’s protocol was followed. Analysis of sequencing reaction products was
performed by sequencing facility at IMB AS CR.

3.2.3.
Cell transfection
Cell transfection methods enable introduction of nucleic acids to cells. We employed
lipofection and viral infection to transfect cells with vectors carrying DNA constructs
subsequently expressed as fusion proteins.
3.2.3.1. Lipofection
Lipofection is a transfection technique that enables introduction of a particular DNA
molecule to the cells and subsequently, its transient expression. Positively charged lipids are
used as the transfection reagents. They create complexes with negatively charged DNA
molecules and thereby enable their passage through the lipophilic plasma membrane. As the
lipofection reagent, LipofectaminTM 2000 (Invitrogen) or polyethylenimine solution (1X)
were used. This method was used for transfection of HEK 293 or ΦNX-Eco cells.
For LipofectaminTM 2000-mediated transfection, plasmid DNA was diluted in Opti-MEM
Reduced Serum Medium (Invitrogen) (Opti-MEM) to final concentration 16 ng/μl. In another
tube, LipofectaminTM 2000 was mixed with Opti-MEM in ratio 1 : 25 and incubated for 5 min
at RT. Then, the diluted DNA was combined with the LipofectaminTM 2000 solution and
coincubated (20 min, RT) to allow the complexes to form. The mixture was then added into
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the culture of cells grown in antibiotic-free medium DMEM, followed by incubation at 37 °C
for 24 hours (growth medium was replaced 6 hours after the transfection).
When polyethyleneimine (1X) was used it was mixed with antibiotic- and serum-free
medium DMEM in ratio 1 : 20 and plasmid DNA was added to final concentration 20-30
ng/μl. The mixture was incubated for 10 min at RT to allow the complexes to form and added
to a culture of cells grown in antibiotic-free medium. Cells were incubated at 37 °C for 24
hours (growth medium was replaced 4 hours after the transfection). Next day, the transfected
cells were analyzed or, in the case of transfection of ΦNX-Eco cells, the culture medium was
replaced with fresh medium and cells were grown for additional 24 hours to produce viruses.
3.2.3.2. Retroviral infection
Using retroviral infection, it is possible to obtain cells stably expressing an introduced
gene. When the gene is cloned into a suitable retroviral vector (pMX in our experiments), the
infection leads to integration of the gene to the host genome and thereby it is stably expressed.
At first, a packaging cell line ΦNX-Eco was transfected by lipofection (as described above)
with a particular DNA molecule. This cell line stably expresses genes necessary for viral
particle formation and thereby it produces retroviruses carrying the RNA molecule coded by
the transfected plasmid. The viral vector does not encode genes for the viral particle formation
to avoid uncontrolled virus spreading.
The supernatant from transfected ΦNX-Eco cells containing appropriate retroviruses was
used to infect target cells (K46 cell line, NUP98-HOXB4 cells). The supernatant was
collected approximately 48 hours after the transfection and centrifuged (1500 g, 2 min) to
remove accidentally collected cells and cellular debris. The transfected ΦNX-Eco cells were
provided with fresh growth medium to produce viruses for the second round of infection. To
infect the target cells, the virus containing medium was supplied with polybrene (SigmaAldrich) at final concentration 10 μg/ml and added to the target cells grown in a 6-well tissue
culture plate. The plate was then centrifuged (3000 rpm, 90 min, 30 °C) to increase efficiency
of the infection. The infected cells were placed into a CO 2 incubator (37 °C). After 2 hours
the viral supernatant was replaced by growth medium suitable for the particular target cell
type and the cells were grown overnight. Next day, the second round of infection was
performed according to the same protocol.
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3.2.4.
SDS-PAGE
During the voltage-driven migration of proteins through the polyacrylamide gel in the
presence of sodium dodecyl sulphate (SDS), proteins are separated according to their
molecular weight (MW). SDS is an anionic detergent with amphiphilic character that covers
proteins evenly using its hydrophilic part and confers negative charge on them using its
anionic part enabling the separation in electric field.
3.2.4.1. Preparation of cell lysates for SDS-PAGE
Cells were resuspended in PBS or serum- and antibiotic-free growth medium and then
lyzed with equal volume of 2 × concentrated SDS-PAGE sample buffer. Samples were
sonicated by Ultrasonic Homogenizer – 4710 Series (50 % amplitude, 15 s) to fragment
cellular DNA. Next, samples were heated in Eppendorf Thermomixer (96 °C, 2 min),
dithiothreitol was added (final concentration 1 %) to reduce disulfide bonds and samples were
boiled once again (96 °C, 1 min). Lysates were then loaded onto polyacrylamide gel.
3.2.4.2. Preparation of gel for SDS-PAGE
Concentration of acrylamide in the separation gel was 8 or 10 % (according to MW of
detected protein), concentration of acrylamide in the stacking gel was 3.6 %. The length of the
gels was approximately 5 and 1.5 cm, respectively. Electrophoresis was carried out at Biorad
Mini Protean III apparatus under constant voltage 140 V.

3.2.5.
Western blotting
Proteins separated by SDS-PAGE were transferred from the polyacrylamide gel to
BioTraceTM NT Nitrocellulose Transfer Membrane (Pall Corporation) by TE70X Semi-dry
Transfer Unit (Hoefer). The transfer was carried out under constant electric current 0.8 mA
per cm2 of the membrane for 75 min. Before the transfer, the gel, the nitrocellulose membrane
and chromatographic paper were immersed in the blotting buffer.
3.2.5.1. Detection of the immobilized proteins by specific antibodies
The nitrocellulose membrane with immobilized proteins was blocked with 5% non-fat dry
milk (Promil) dissolved in PBS-Tween buffer for 30 min. This ensures saturation of proteinbinding capacity of the membrane and thereby prevents non-specific antibody binding. Then
the membrane was incubated in a primary antibody (usually 1000× diluted in 1% milk in
PBS-Tween) against an epitope in a detected protein. The incubation took 0.5-12 hours
depending on the expected amount of the protein to be detected. Next, the membrane was
washed with PBS-Tween three times quickly and three times 10 min. In next step, the
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membrane was stained with secondary antibody conjugated with horse radish peroxidase
enzyme (10000 × diluted in 1% milk in PBS-Tween, 30 min). The membrane was washed in
the same way as after the primary antibody treatment. To visualize the detected protein,
enzymatic activity of the horse peroxidase conjugated to the secondary antibody was
exploited. The membrane was incubated with ECL Western blotting detection reagents for 80
s (Amersham Life Science Ltd.). The chemoluminiscence reaction was detected by exposure to
X-ray film (Kodak Medical X-ray General Purpose, blue) (Kodak) using developer device
Fomei Optima (Fomei).

3.2.6.
Confocal microscopy
Confocal microscope Leica TCS SP5 was used to examine membrane localization of the
fusion proteins. Cells were stained with Hoechst 33342 fluorescent dye (10 µg/ml, 5 min, RT)
(Sigma-Aldrich) to visualize nuclei and resuspended in their growth media. Microscoping was
carried out in Lab-Tek chambered coverglasses (8 wells) (Nunc, Thermo Fisher Scientific).

3.2.7.
Fluorescence-activated cell sorting (FACS)
FACS analysis is a high-speed fluorescence-based method enabling measurement of
fluorescence of single cells in addition to characterization of their size and complexity and
cell counting.

Thus, for instance, fluorescent antibody-stained cell surface markers and

intracellular molecules or fluorescent proteins expressed by cells can be detected. In our
experiments, FACS analysis was used to detect cell surface markers, expression of fusion
proteins containing a fluorescent part and to measure calcium influx after cell stimulation. For
these purposes, flow cytometer BD LSRII situated at Flow Cytometry and Light Microscopy
core facility at IMG AS CR was used. FlowJo (Tree Star, Oregon, USA) program was used to
analyze FACS data. Flow cytometry was also employed to sort cells according to their
fluorescent characteristics on BD Influx cell sorter at Flow Cytometry and Light Microscopy
core facility at IMG AS CR.
3.2.7.1. Preparation of cell samples for FACS analysis
When only fluorescent protein expressed in cells was detected, cells were resuspended in
their growth medium and directly analyzed.
For measurement of the cell surface markers expression, cells were stained with a
fluorophore-conjugated antibody against a particular antigen. The staining was carried out on
ice. Cells were resuspended in100× diluted Fc-block (concentrated supernatant from 2.4G2
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hybridoma) in FACS solution and incubated for 5 min. Then, a primary antibody was added
for 20 min; the stained cells were washed twice with FACS solution and resuspended in this
solution for FACS analysis.
3.2.7.2. FACS cell sorting
After retroviral infection, cells expressing the DNA constructs were separated using BD
Influx cell sorter. Expression of the orange fluorescent protein (OFP), which is a part of
fusion proteins, was exploited to detect the infected cells. Samples to be sorted were washed
with Hank’s Balanced Salt Solution (HBSS) without Ca2+ and Mg2+ ions to break up cell
aggregates and kept in this buffer until the sorting was carried out.

3.2.8.

Cell activation

3.2.8.1. Activation of the cells via BCR
To activate K46 cells via BCR, they were treated with Goat anti-IgM F(ab)2 (Jackson
Immunoresearch ) antibody (10 μg/ml) diluted in serum- and antibiotic-supplied IMDM for
FACS analysis of CD69 surface expression (after overnight incubation) or diluted in serumand antibiotic-free IMDM for cell lysate preparation (after 1 min incubation with the
antibody).
3.2.8.2. FACS measurement of calcium influx
Flow cytometry was exploited to measure calcium influx in K46 cells after MHCII or BCR
stimulation. 1x106 cells per sample were resuspended in IMDM medium supplied with 5µM
Fura Red (Molecular Probes) and 2.5 mM probenecid (Sigma-Aldrich) for 25 min (37 °C).
Fura Red is a fluorescent probe which changes its emission spectrum when calcium cation is
bound to the molecule, thus, it enables to measure calcium concentration in the cell cytoplasm
loaded with Fura Red. Probenecid inhibits transport of Fura Red molecule out of the cell
executed by organic anion transporters. For stimulation via MHCII molecule, cells were
incubated with anti-I-A/I-E (mouse MHCII) antibody conjugated with biotin (BioLegend) (10
µg/ml, 20 min, on ice) and then resuspended in IMDM with probenecid. For BCR stimulation,
cells were directly resuspended in IMDM with probenecid without any prior incubation with
the antibody.
The calcium influx was measured using BD LSRII cytometer. Samples were measured for
30 s, then activators were added and the measurement continued for 3 min. To stimulate cells
via MHCII, streptavidin (Jackson Immunoresearch) (10 µg/ml in IMDM with probenecid)
was added to cross-link MHCII molecules marked by the biotinylated antibody. To stimulate
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cells via BCR, anti-IgM F(ab)2 (Jackson Immunoresearch ) antibody (10 µg/ml in IMDM
with probenecid) was added to cross-link BCRs (of IgM isotype).

3.2.9.
Antigen presentation assay
DCs were pulsed with OVA-peptide and co-incubated with splenocytes isolated from
OTII transgenic mouse strain. T cells of the OTII mice express transgenic TCR specific for
ovalbumin peptide (OVA-peptide, Ile-Ser-Gln-Ala-Val-His-Ala-Ala-His-Ala-Glu-Ile-AsnGlu-Ala-Gly-Arg) presented on MHCII glycoprotein. During this co-incubation, DCs
presented OVA-peptide to CD4 OTII T cells. Activation state of these T cells was assessed at
the end of the antigen presentation assay.
DCs were differentiated by GM-CSF treatment for 8 days as described above. Then, they
were harvested, moved to 96-well plate (50 000 cells/well) and cultured in IMDM supplied
with GM-CSF and 10 ng/ml LPS (Sigma-Aldrich) overnight to stimulate their maturation.
Next day, DCs were pulsed with OVA-peptide (Sigma-Aldrich) (1 μM, 2 h, 37 °C) and
washed with PBS. Then, splenocytes isolated from OTII mouse (200 000 cells/well) were
added to DCs and coincubated overnight. Splenocytes stimulated by PMA (Sigma-Aldrich)
(50 ng/ml) and ionomycin (Sigma-Aldrich) (1μg/ml) were used as a positive control. Next
day, activation state of CD4 OTII T cells was detected by FACS analysis. Expression of
CD69 and CD25 activation markers on CD4-positive CD11b-negative cells was assessed.

4. Results
4.1.

Preparation of constructs

To inhibit Src family kinases at the immunological synapse, Csk kinase that specifically
inhibits these kinases was fused with several transmembrane proteins known to be targeted to
this structure. As a base, constructs previously prepared by Pavel Otahal (LAT-Csk(kinaseactive)-Myc-OFP/pMX and LAT-Csk(kinase-inactive)-Myc-OFP/pMX) targeting Csk to lipid
rafts were used (Otahal et al., 2011). In these constructs, human LAT transmembrane domain
fused to the active or inactive human Csk variant is followed by Myc-tag and orange
fluorescent protein (OFP). The whole fusion sequence was cloned into pMX retroviral vector.
Furthermore, SH2 and SH3 domains of Csk were mutated (R107K and W47A) to prevent
binding of the fusion proteins to cellular proteins that could cause miss-localization of these
constructs. However, the engagement of the SH2/SH3 module is important for activation of
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Csk kinase domain (Okada, 2012). Therefore, activating E154A mutation was introduced into
the wild-type Csk to prepare the constitutively active Csk. Csk kinase-inactive variant was
prepared from the constitutively active Csk by introducing K222R mutation into its kinase
domain (Otahal et al., 2011). Throughout this work the constructs containing active Csk are
labeled with “+”and those carrying kinase-inactive Csk are labeled with “-” sign.
The constructs used in this thesis were prepared from the constructs prepared by P. Otahal
by replacing the LAT transmembrane domain with different mouse transmembrane proteins
known to be targeted to the APC immunological synapse (SCIMP, CD37, CD53, beta-chain
of I-A(b) or I-A(d)) (Angelisova et al., 1994, Grakoui et al., 1999, Draber et al., 2011).
To obtain cDNA coding for these transmembrane proteins, cellular RNA was isolated and
transcribed into cDNA using RevertAid Reverse Transcriptase. For cloning of CD37, CD53
and I-A(d) sequences, K46 mouse cell line was used as the RNA source, while splenocytes
isolated from C57BL/6 mouse were used for cloning of I-A(b) allelic form of MHCII betachain. For amplification of SCIMP sequence, an existing construct carrying SCIMP cDNA
was utilized (SCIMP/pcDNA3, plasmid collection of Department of Leukocyte Signaling,
IMG AS CR). Using the obtained cDNAs as templates, desired DNA sequences were
amplified in the PCR reaction with primers designed to introduce restriction sites into the both
ends of the PCR products, the BamHI site in the case of SCIMP, I-A(b), and I-A(d) and the
BglII site for CD37 and CD53 (see Materials for sequences of the primers). Next, the PCR
products were digested by the corresponding restriction enzymes and ligated into the vectors
carrying active or inactive Csk where the LAT sequence was cut out with BamHI restrictase
(BglII and BamHI create compatible cohesive ends). Bacterial Top10 strain was then
transformed with the ligation mixtures and colony screening was performed to find the
plasmids carrying the correct insert. Colonies were used as the DNA source for PCR reaction
with the same primers as those used in the initial PCR reaction. The bacteria were directly
added to the PCR reaction without any prior DNA extraction. The PCR products were
analyzed by DNA electrophoresis (Fig. 6). The presence of a PCR product indicated that the
ligation reaction was successful and the examined vector carries the desired insert. In the case
of I-A(b)+, I-A(b)-, I-A(d)+ and I- A(d)- constructs, the expected size of the PCR product was
819 bp that corresponds to the obtained bands. In the cases of SCIMP+ and SCIMP-, CD37+
and CD37- or CD53+ and CD53- constructs, the bands of expected sizes 478 bp, 867 bp and
681 bp, respectively, were also obtained. Thus, the insert-positive clones were found in all
cases.
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Fig. 6 - PCR screening of the colonies (for presence of the insert) – PCR with insertspecific primers was performed and presence of the products was assessed by DNA
electrophoresis (1% agarose gel). Typically, five colonies were chosen for each construct. The
original plasmid carrying LAT sequence digested with BamHI was used as a negative control
(V). The CD53 cDNA digested with BglII was taken as a positive control using the CD53
primers (ctrl).

The insert-positive colonies were screened for the correct orientation of the insert in the
plasmid. Similar PCR reaction was carried out using the same reverse primer as in the initial
PCR reaction and a forward primer pBABE hybridizing with a sequence in the vector
backbone preceding the insertion site. The PCR products were analyzed by DNA
electrophoresis. The presence of a product indicated correct orientation of the insert (Fig. 7).
Thus, the correctly oriented inserts were found in all cases.
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Fig. 7 - PCR screening of the colonies (for insert orientation) – PCR using primers
described in the text body was performed and presence of the products was assessed by DNA
electrophoresis (1% agarose gel). PCR using CD53 forward and reverse primer and CD53
cDNA fragment as a template was carried out as a positive control of the PCR reaction (ctrl).

Selected clones carrying the correctly oriented inserts were expanded, the plasmids were
isolated by Zyppy Plasmid Miniprep Kit and sequences of the inserts were verified by DNA
sequencing performed at the sequencing facility at IMB AS CR. These constructs and the
constructs prepared by P. Otahal (LAT-Csk(kinase-active)-Myc-OFP/pMX, LAT-Csk(kinaseinactive)-Myc-OFP/pMX,

LAX-Csk(kinase-active)-Myc-OFP/pMX,

CD25-Csk(kinase-

active)-Myc-OFP/pMX) (Fig. 8) were used for cell transfection and functional analysis.

Fig. 8 - Constructs for expression of fusion proteins targeting Csk kinase to plasma
membrane. Membrane anchoring sequence (transmembrane protein or transmembrane
domain, blue), Csk kinase constitutively active (green) or kinase-inactive (kinase dead, red),
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Myc-tag (grey), orange fluorescent protein (OFP) (orange). Membrane anchoring sequence:
transmembrane domain of LAT (AA 1-33), full-length SCIMP (AA 1-149), full-length I-A(b)
beta-chain (AA 1-265), full-length I-A(d) beta-chain (AA 1-265), full-length CD37 (AA 1281), full-length CD53 (AA 1-219), transmembrane domain of LAX (AA 1-67), N-terminal
fragment of CD25, including the transmembrane domain (AA 1-259).

4.2.

Construct expression in HEK293 cell line

The prepared constructs were introduced to HEK293 cell line to verify their expression.
Cells were transfected using LipofectaminTM 2000 to obtain transient transfectants.
The transfectants were lysed and the lysates were assessed by western blotting using
antibody against Myc-tag. The observed apparent molecular weights of these proteins were
similar to the molecular weights calculated from the aminoacid sequences (I-A(b) and I-A(d)
– 105.2 kDa, CD37 – 106.9 kDa, CD53 – 100.1 kDa, SCIMP – 92.5 kDa, LAT – 79.6 kDa)
(Fig. 9A). The transfectants were also checked for the construct expression by FACS analysis,
measuring the OFP fluorescence. The expression was confirmed for all of them (Fig. 9B).
A

B
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Fig. 9 – Expression of constructs in HEK293 cell line – HEK293 cells were transfected
with the constructs (I-A(b)+, I-A(d)+, CD37+, CD53+, SCIMP+, LAT+, I-A(b)-, I-A(d)-,
CD37-, CD53-, SCIMP-) or let non-transfected (WT). (A) Lysates prepared from these
transfectants were analyzed by western blotting using antibody against Myc-tag. (B) FACS
analysis of constructs expression (OFP fluorescence) – transfected cells (blue), nontransfected cells (grey).

4.3.

Expression of the constructs in K46 cell line

To perform functional analysis of the prepared constructs before introducing them to DCs,
the constructs (I-A(d)+, CD37+, CD53+, SCIMP+, LAT+, LAX+, CD25+, I-A(d)-, CD37-,
CD53-, SCIMP-, LAT-) were introduced into the K46 cell line by retroviral infection. Cells
expressing the fusion protein containing OFP were sorted by BD Influx cell sorter. Because of
the low plasma membrane expression (data not shown), cells carrying the CD25+ construct
were further sorted for CD25 surface expression after labeling with anti-CD25 antibody. This
way, cell lines stably expressing all the prepared fusion constructs were obtained.
These cell lines were tested for expression of the constructs by detecting OFP fluorescence
on FACS. Very good construct expression was confirmed in all cell lines (Fig. 10).

Fig. 10 – Expression of the constructs in K46 cell line – Flow cytometry detection of OFPpositive cells in cell lines infected with I-A(d)+, SCIMP+, CD37+, CD53+, LAT+, LAX+, IA(d)-, SCIMP-, CD37-, CD53-, LAT-, CD25+ constructs (blue) or in non-infected cells (WT)
(grey).

The transmembrane part of the constructs should target them into the plasma membrane
thus the localization of the constructs was examined using Leica TCS SP5 confocal
microscope. The plasma membrane localization was confirmed in all cell lines (Fig. 11).
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Fig. 11 - Plasma membrane localization of the constructs – fusion proteins I-A(d)+,
SCIMP+, CD37+, CD53+, LAT+, LAX+, I-A(d)-, SCIMP-, CD37-, CD53-, LAT-, CD25+ in
orange (OFP), nuclei in blue (Hoechst 33342), scale bars 5μm.

4.4.

Functional analysis of the constructs in K46 cell line

Before introducing the constructs into the DCs and investigating their effect on antigen
presentation, ability of the constructs to inhibit activation of SFKs and subsequent signaling
after BCR and MHCII stimulation was assessed in the K46 cell lines.

4.4.1.
Surface expression of BCR and MHCII molecules
At first, surface expression of BCR and MHCII molecules was measured to exclude a
possible influence of the constructs on the expression of these receptors. FACS analysis
showed that the presence of the constructs did not substantially influence surface expression
of MHCII and BCR in most of cases. BCR expression was decreased by the expression of
LAT, I-A(d)+, CD37+ and CD37- constructs (Fig. 12), although the observed reduction was
relatively minor and in our experience should not substantially influence the receptor
functionality.
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Fig. 12 – MHCII and BCR expression – K46 cell lines expressing the constructs (LAT+,
LAT-, SCIMP+, SCIMP-, I-A(d)+, I-A(d)-, CD37+, CD37-, CD53+, CD53-, LAX+, CD25+)
were stained with flourophore-conjugated antibody against BCR or MHCII and expression of
BCR (A) and MHCII (B) was detected by flow cytometry. Construct-positive cells (green),
construct-negative cells (blue), non-stained cells (grey).

4.4.2.
Inhibition of SFKs
Csk kinase specifically inhibits SFKs by phosphorylation of their C-terminal tyrosine. This
phosphorylated tyrosine intramolecularly interacts with the SFK SH2 domain causing the
closed inactive conformation. In this state, activatory tyrosine located in the SFK catalytic
domain is dephosphorylated (Okada, 2012). To test whether the constructs carrying active
Csk inhibit SFKs, the phosphorylation of the inhibitory and activatory tyrosines in the K46
cell lines expressing the constructs was assessed by western blotting. SFKs are activated after
BCR engagement (Burkhardt et al., 1991). Thus, the K46 cell lines were activated or not via
BCR receptor using an antibody against IgM. Indeed, the inhibitory tyrosine was
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phosphorylated in the cell lines expressing the constructs targeting the active Csk to the
plasma membrane (I-A(d)+, SCIMP+, LAT+, CD37+, CD53+, LAX+, CD25+) in both
resting and activated state. In contrast, phosphorylation of this tyrosine was barely detectable
when the inactive Csk was employed (I-A(d)-, SCIMP-, LAT-, CD37-, CD53- constructs) and
in non-infected cells. Conversely, the activatory tyrosine was only subtly phosphorylated in
the cell lines expressing the constructs carrying the active Csk, while in the cells carrying the
inactive Csk and in the non-infected cells the detected signal was much stronger.

The

phosphorylation of the activating tyrosine slightly increased after the BCR stimulation (Fig.
13).

Fig. 13 – Lysates from K46 cell lines expressing the constructs (I-A(d)+, I-A(d)-, SCIMP+,
SCIMP-, LAT+, LAT-, CD37+, CD37-, CD53+, CD53-, LAX+, CD25+) or non-infected
cells (WT) without stimulation (0’) or 1 min after BCR stimulation (1’). To stain the
activatory tyrosine, we used anti-phospho SFK (Tyr 416) antibody that recognizes
phosphorylated Y416 in c-Src and equivalent tyrosines in other SFKs (Lyn, Fyn, Lck, Yes,
Hck). To stain the inhibitory tyrosine, we used anti-phospho Lyn (Tyr 507) antibody that
recognizes phosphorylated Y507 in the Lyn kinase and equivalent tyrosines at other SFKs
(Lck, Src). GAPDH detection was used as a loading control.

4.4.3.
Inhibition of calcium mobilization after BCR and MHCII stimulation
When we showed that the constructs carrying the active Csk inhibited SFKs (Fig. 13), we
further sought to test the influence of the constructs on the downstream signaling events,
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namely calcium influx, after BCR and MHCII stimulation of the K46 cell lines. BCR
stimulation leads to SFK activation causing Syk kinase recruitment and subsequent activation
of PLCγ. Activated PLCγ triggers calcium mobilization (Kurosaki et al., 2010). Similar to
BCR, MHCII stimulation also causes activation of SFKs (Morio et al., 1994) and calcium
mobilization which is PTK-dependent (Haylett et al., 2009). Thus, we measured calcium
influx after BCR or MHCII stimulation of the K46 cell lines expressing the Csk-targeting
constructs. Expression of selected constructs carrying the active Csk (I-A(d)+, LAT+, CD37+,
CD53+, SCIMP+) inhibited calcium mobilization triggered by both, BCR and MHCII
stimulation. In contrast, the construct carrying the inactive Csk (SCIMP-) inhibited calcium
influx only slightly. Moreover, the level of inhibition caused by all constructs was dependent
on their expression level and, interestingly, calcium influx was inhibited even by the SCIMPconstruct when highly expressed (Fig. 14).
A

B
MHCII stimulation

BCR stimulation
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Fig. 14 – Calcium signaling – K46 cell lines expressing the constructs (I-A(d)+, LAT+,
CD37+, CD53+, SCIMP+, SCIMP-) or non-infected (WT) were stimulated via BCR using
antibody against IgM or via MHCII using anti-MHCII biotinylated antibody + streptavidin
system. Cells were divided into four gates according to the construct expression (A). Calcium
influx was assessed by FACS analysis (B).

Based on our previous experience with Jurkat T cells (Otahal et al., 2011) we expected that
only lipid raft associated constructs (i.e. LAT+ and possibly I-A(d)+) would inhibit BCR
signaling, while the rest of the constructs was expected to have only a minor effect.
Surprisingly this experiment showed that most of the constructs caused a substantial level of
Ca2+ flux inhibition. Thus, in the following experiments we decided to examine the BCR
signaling more thoroughly.
First, we enlarged the selection of tested constructs by including all the kinase-inactive
constructs as well as LAX+ construct which in Jurkat cells did not show any inhibition of
TCR signaling (Otahal et al., 2011). K46 cell lines expressing these constructs were activated
via BCR and calcium influx was measured. Only the construct-positive cells were assessed
and no further division according to the expression level of the constructs was considered.
All the constructs carrying the active Csk (I-A(d)+, SCIMP+, LAT+, CD37+, CD53+, LAX+,
CD25+) strongly inhibited BCR-mediated calcium response, although the level of inhibition
was not identical. LAT+, SCIMP+ and I-A(d)+ constructs almost completely suppressed the
response, while the remaining kinase-active constructs showed somewhat lower level of
inhibition. Surprisingly, partitioning to these groups did not correlate with localization of
these constructs to lipid rafts, TEMs or other domains. The only possible exception was CD25
which showed the lowest level of signaling inhibition. This is in agreement with the fact that
CD25 construct does not partition to any known type of plasma membrane microdomains.
The constructs carrying the inactive Csk (I-A(d)-, SCIMP-, LAT-, CD37-, CD53-) did not
substantially inhibit calcium influx in comparison to non-infected cells (Fig. 15).
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Fig. 15 – Calcium signaling – K46 cell lines expressing the constructs (I-A(d)+, SCIMP+,
LAT+, CD37+, CD53+, LAX+, CD25+, I-A(d)-, SCIMP-, LAT-, CD37-, CD53-) or noninfected (WT) were activated via BCR by antibody against IgM and calcium influx was
assessed by FACS analysis.

4.4.4.
Inhibition of CD69 expression after BCR stimulation
We showed that expression of the constructs targeting active Csk to the plasma membrane
had the inhibitory effect on SFKs activation and calcium influx triggered by BCR stimulation.
Next, we decided to examine the influence of expression of the constructs on CD69 activation
marker upregulation as a measure of the activity of the signaling pathways further
downstream from BCR in K46 cell lines. CD69 is expressed on the surface of hematopoietic
cells including B cells (which K46 cell line is derived from) early after activation, (Marzio et
al., 1999). The K46 cell lines expressing the constructs were overnight stimulated via BCR
and expression of CD69 activation marker was subsequently detected by flow cytometry. All
constructs carrying the active Csk inhibited CD69 expression in comparison to the noninfected cells. Similar to previous experiment, with the exception of CD25+ construct the
level of inhibition did not show a strong correlation with microdomain partitioning of the
constructs. The constructs carrying inactive Csk in most cases did not inhibit CD69
expression. The exceptions included LAT- and CD37- constructs which had mild inhibitory
effect (Fig. 16).
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Fig. 16 – BCR-induced CD69 expression - K46 cell lines expressing the constructs (IA(d)+, SCIMP+, LAT+, CD37+, CD53+, LAX+, CD25+, I-A(d)-, SCIMP-, LAT-, CD37-,
CD53-) or non-infected (WT) were overnight activated via BCR by antibody against IgM and
CD69 expression was detected by flow cytometry. Csk+ (construct carrying active Csk), Csk(construct carrying inactive Csk).

4.5.

Expression of the constructs in DCs

The previous experiments in K46 cell line proved that expression of the constructs
targeting active Csk to the plasma membrane inhibited SFK activity, as well as BCR- and
MHCII-triggered cellular activation. Due to the fact that the behavior of the constructs did not
strongly correlate with their association with plasma membrane microdomains the constructs
for experiments with DCs were selected mainly based on the level of inhibition they exerted
on cellular signaling. Thus we selected LAT- and SCIMP-based constructs for further
experiments. Both very strongly inhibited signaling in K46 cells. Moreover, they are
representatives of the proteins targeted to different type of membrane microdomains (lipid
rafts and TEMs, respectively). An additional advantage (at least for LAT) was that LAT
constructs have already been relatively well characterized in T cell system and described in a
publication (Otahal et al., 2011). As an additional control we included non-targeted Csk
constructs also described in the same paper.
We prepared DCs expressing these constructs and studied the effects of SFKs inhibition on
their ability to present antigen. The advantage of this approach is that our constructs inhibit
SFKs specifically in DCs during antigen presentation while SFKs in T cells are untouched.
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To prepare DCs in vitro, we applied a method developed by Rueld and colleagues which
enables to make immortalized hematopoietic stem cells by overexpression of NUP98-HOXB4
fusion protein in mouse bone marrow cells. These NUP98-HOXB4 cells can be then cultured
in the presence of SCF, IL-3 and IL-6 to maintain their stem character or differentiated to
DCs by GM-CSF treatment (Ruedl et al., 2008). The immortalized hematopoietic stem cells
(called NUP98-HOXB4 cells in this thesis) were prepared by A.Drobek. Then, they were
infected with the Csk fusion constructs by retroviral infection. The infected NUP98-HOXB4
cell lines were sorted for the construct expression based on the detection of OFP fluorescence.
The construct-positive NUP98-HOXB4 cell lines were then cultured in the presence of SCF,
IL-3 and IL-6 to maintain their stem cell properties or in the presence of GM-CSF to
differentiate them into DCs.
At first, NUP98-HOXB4 cells were infected with LAT+ construct and construct expressing
the active Csk without any membrane-targeting sequence and hence with only limited ability
to inhibit membrane-associated SFKs. Cells expressing low and high level of the constructs
were sorted and the expression was confirmed by FACS analysis (Fig. 17).

Fig. 17 – Expression of LAT+ and Csk+ constructs in NUP98-HOXB4 cells. High
expression (green), low expression (blue), non-infected cells (black).

The NUP98-HOXB4 cell lines expressing LAT+ and Csk+ constructs at low and high
levels were differentiated to DCs by GM-CSF treatment. Expression of the constructs in DCs
was verified by flow cytometry (Fig. 18A) and the cells were lysed and examined for SFK
inhibition by western blotting. Similarly as in K46 cell lines, phosphorylation of the activatory
and inhibitory tyrosine in SFKs was assessed. In the LAT+ expressing DCs, phosphorylation
of the inhibitory tyrosine was increased in the cells with low expression level of the construct
when compared to non-infected cells. This phosphorylation was further increased in the cells
with the high level of expression. The same was true for the Csk+ expressing DCs, however,
the phosphorylation was much less intensive, only slightly higher than in non-infected cells.
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This corresponds with the fact that Csk kinase is not targeted to the plasma membrane, and
thereby to its substrates, in Csk+ expressing and non-infected DCs. When assessing the
activatory tyrosine phosphorylation, there was more intensive phosphorylation in DCs
expressing lower levels of the LAT+ construct and in non-infected cells than in LAT-high
DCs. This corresponds to the expected level of SFK activity. For unclear reason, there was
very low phosphorylation of the activatory tyrosine in DCs where Csk+ construct was
expressed, both at low and high level (Fig. 18B).
A

B

Fig. 18 – Expression of LAT+ and Csk+ constructs in DCs – FACS analysis of the
expression. High expression (green), low expression (blue), non-infected cells (black) (A).
Lysates from DCs expressing low or high levels of LAT+ and Csk+ constructs or noninfected cells (WT) – western blots were stained with antibody against phospho-SFK (Tyr
416) or phospho-Lyn (Tyr 507), the same as used for K46 lysates. GAPDH detection was
used as a loading control.

The DCs expressing the LAT+ and Csk+ constructs were tested for the expression of DC
markers and were used in antigen presentation assays. However, inconsistent data were
obtained (data not shown). For this reason, we decided to repeat the retroviral infection of
NUP98-HOXB4 cells and to include additional constructs. Thus, NUP98-HOXB4 cells were
infected with LAT+, SCIMP+, SCIMP- and Csk+ constructs and all cells expressing the
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constructs were separated by FACS. The expression was confirmed by FACS analysis of the
resulting NUP98-HOXB4 cell lines (Fig. 19).

Fig. 19 – Expression of LAT+, SCIMP+, SCIMP- and Csk+ constructs in NUP98-HOXB4
cell lines was detected by flow cytometry. Construct expression (blue), non-infected cells
(black).

The NUP98-HOXB4 cells carrying LAT+, SCIMP+, SCIMP- and Csk+ constructs were
differentiated to DCs. Expression of the constructs in DCs was confirmed by FACS analysis
(Fig. 20A). These DCs were also checked for CD11c expression and expression of MHCII
glycoprotein and CD86 costimulation molecule on the surface of CD11c-positive cells were
detected by flow cytometry. The constructs targeting the active Csk (LAT+ and SCIMP+) to
the plasma membrane inhibited DC differentiation measured as CD11c expression..
Expression of MHCII and CD86 molecules on the surface of CD11c-positive cells was not
significantly influenced by expression of the constructs (Fig. 20B).
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Fig. 20 – DC differentiation – Expression of the constructs LAT+, SCIMP+, SCIMP- and
Csk+ (blue) in comparison to WT cells (black) was assessed by FACS analysis (A).
Expression of CD11c was measured on surface of construct-expressing cells. Surface
expression of MHCII and CD86 was assessed on construct- and CD11c-positive cells (B).

To assess the influence of SFK inhibition on the ability of DCs to present antigen to T
cells, we performed the antigen presentation assay using OVA-peptide – OTII transgenic
mouse system. DCs expressing the constructs were overnight matured by LPS treatment (10
ng/ml). Then, the cells were pulsed with OVA-peptide for 2 hours followed by overnight
coincubation with splenocytes isolated from OTII mouse (expressing TCR specific to OVApeptide bound to MHCII). The extent of T cell activation, and thus the ability of DCs to
present the antigen, was measured by flow cytometry as expression of CD69 and CD25
activation markers on the surface of the CD4 T cells defined as CD4+ CD11b- splenocytes.
Stimulation of the splenocytes by PMA and ionomycin which non-specifically activate T cells
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was used as a positive control. The activation of T cells was decreased by expression of all
constructs in DCs, especially expression of SCIMP+ construct inhibited the capability of DCs
to stimulate T cells (Fig. 21). However, the inhibition was probably caused by lower numbers
of differentiated DCs presenting the antigen rather than decreased ability of DCs to present
the antigen when there was similar pattern of the inhibition of DC differentiation (Fig. 20) and
the inhibition of T cell activation (Fig. 21) Thus, it appears that inhibition of SFKs in DC
progenitors inhibits their GM-CSF induced differentiation. This is then reflected in the
reduced ability of these presumably poorly differentiated cells to activate T cells during the
antigen presentation assay.

Fig. 21 - Antigen presentation assay – Expression of CD69 and CD25 on the surface of
CD4+ CD11b- OTII splenocytes after overnight coincubation with the construct-expressing
DCs (LAT+, SCIMP+, SCIMP-, Csk+) or WT DCs pulsed (OVAp+) or not (OVAp-) with
OVApeptide. Control splenocytes were stimulated with PMA and ionomycin (PMA-iono+).
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5. Discussion
The aim of this thesis was to find out the role of SFKs at APC side of the IS. For this
purpose, constructs targeting constitutively active or inactive Csk kinase to the plasma
membrane were prepared. Various membrane-targeting proteins known to be localized in
different plasma membrane domains were chosen to assess the effect of inhibition of SFKs in
these particular compartments. Namely, LAT adaptor protein and MHCII beta chains I-A(b)
and I-A(d) are present in lipid rafts (Huby et al., 1999, Zhang et al., 1998). SCIMP, CD37,
CD53 and also MHCII molecules are part of tetraspanin microdomains (Draber et al., 2011,
Maecker et al., 1997, Angelisova et al., 1994). LAX adaptor protein was found in newly
described heavy rafts (Otahal et al., 2010). In contrast, CD25 molecule is not present in any of
these microdomains. We expected different effects of targeting by different proteins as most
of SFKs are localized in lipid rafts (Oneyama et al., 2009).
Before studying effect of SFKs inhibition in DCs on their ability to present antigen, the
expression of the prepared constructs was tested in HEK293 cell line. Bands of expected
molecular weight were obtained in all cases except of SCIMP constructs where the observed
molecular weight seemed to be slightly higher from the calculated one. This might be caused
by a post-translational modification of SCIMP or an abnormal electrophoretic mobility.
Indeed, endogenous, as well as transfected SCIMP have been shown before to migrate slower
than predicted from amino acid sequence (Draber et al., 2011).
The functional analysis of the constructs was performed in K46 B cell line. At first, plasma
membrane localization of the constructs was confirmed by confocal microscopy. Then, the
influence of constructs expression on SFK activation state was assessed. As we expected,
when the active variant of Csk kinase was targeted to the plasma membrane the inhibitory
tyrosine of SFKs was phosphorylated after or without BCR stimulation. In agreement with
this, the activatory tyrosine was just slightly phosphorylated in these cell lines. Surprisingly,
there were no significant differences among constructs containing different membrane
targeting sequences that might be caused by relatively high expression of the constructs. As
an exception, expression of CD25+ construct had milder effect in comparison to the other
constructs carrying the active Csk. This correlates with the non-raft localization of CD25. In
contrast, the SCIMP+ construct blocked the activatory phosphorylation almost completely.
This might be connected with the extraordinary potency of this construct to inhibit BCRinduced calcium influx discussed in the following paragraphs.
Further, the effect of SFKs inhibition on BCR- and MHCII-triggered calcium mobilization
was analyzed in K46 cell lines expressing the constructs. We found out that the expression of
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all constructs carrying the active Csk blocked calcium influx after BCR or MHCII stimulation
and that this effect was dependent on expression level of the constructs. Interestingly, even
inactive Csk targeted to the plasma membrane (SCIMP-) inhibited the calcium signaling when
highly expressed. Possible explanation is that the high concentration of the fusion protein at
the plasma membrane spatially impedes initiation of signaling events after receptors
engagement. Alternatively, Csk may have other means of inhibiting SFKs that is kinase
activity-independent.
As mentioned above, expression of all constructs targeting the active Csk to the plasma
membrane inhibited the calcium signaling after BCR engagement. However, there are slight
differences in the inhibition among these constructs which can be divided into three groups.
Firstly, CD25+ construct that should target Csk to the plasma membrane without any special
microdomain properties showed the lowest level of inhibition of the BCR-induced calcium
mobilization. CD37+, CD53+ and LAX+ constructs targeting Csk to the tetraspanin
microdomains and heavy rafts, respectively, fall into the second group that inhibits the
calcium influx moderately. Finally, the third group inhibiting the signaling almost completely
includes LAT+, I-A(d)+ and SCIMP+ constructs. LAT and I-A(d) molecules are localized in
the lipid rafts where SFKs are also found thus, the inhibition is most efficient there. However,
SCIMP adaptor protein is present in the tetraspanin microdomains, not in the lipid rafts.
Possibly, its strong inhibition effect could be caused by mechanisms independent of plasma
membrane composition. Alternatively, the calcium influx inhibition caused by the SCIMP+
construct is not connected solely with SFKs inhibition but another molecular property of the
construct may have additive effect, e.g. binding of other interacting partners. This possibility
is in agreement with the observation that even kinase-inactive SCIMP- construct to some
extent inhibited signaling at high expression levels.
When we showed that expression of the constructs targeting the active Csk to the plasma
membrane inhibited the BCR-induced activation of SFKs and calcium mobilization we also
decided to analyze more downstream signaling effects reflecting the activation state of the
cells. To assess this, BCR-induced expression of CD69 activation marker was measured in
K46 cell lines expressing the constructs. We demonstrated that expression of all the constructs
carrying the active Csk more or less inhibited CD69 expression. However, some constructs
carrying the inactive Csk (LAT- and CD37-) slightly inhibited CD69 expression, too. This
might be caused by an effect of the construct expression independent on Csk kinase activity.
Possibly, high concentration of the constructs in the plasma membrane could somehow
change its organization thereby blocking the BCR-induced signaling, mainly the pathway
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leading to CD69 expression. An effect of interaction of the LAT- construct with some other
molecules is not probable because only transmembrane part of LAT protein was used for the
construct preparation. Interestingly, while the expression of CD37- slightly inhibited BCRinduced CD69 expression, the expression of CD37+ construct was not very efficient in
blocking this pathway either. In fact, both these constructs had comparable effect on the
BCR-induced CD69 upregulation. This makes the CD37 molecule exceptional among the
other studied transmembrane proteins and it would be interesting to analyze its role in the
CD69 regulation in more detail.
To summarize the functional analysis of the constructs in the K46 B cell line, expression of
all constructs carrying the active Csk inhibited BCR-induced activation of SFKs, calcium
mobilization and CD69 upregulation without any significant differences based on the
membrane targeting sequences of the constructs. These data are in disagreement with results
of Otáhal and colleagues who tested similar constructs targeting Csk to different plasma
membrane microdomains in Jurkat T cell line (Otahal et al., 2011). They showed that only
expression of the constructs targeting Csk to the conventional lipid rafts inhibited TCRinduced activation of SFKs, calcium response and CD69 upregulation. These controversial
data suggest that SFKs localized in different plasma membrane microdomains are required for
initiation of BCR and TCR signaling. Possibly, the requirement of SFKs in TCR signaling is
more specific when only SFKs localized in lipid rafts are needed. Alternatively it is possible
that segregation of SFKs to lipid rafts is more pronounced in Jurkat T cells, while in B cells
SFKs may be more equally distributed among various membrane subdomains. It should also
be noted that majority of the constructs used in this work have not been analyzed in Jurkat yet
and so it remains unclear whether our non-raft constructs would behave in the same way in
Jurkat and K46.
When the functional analysis of the constructs carrying the active Csk proved that they
really inhibited SFK activation and downstream signaling we selected two of the more
strongly inhibiting constructs for analysis of SFK inhibition in DCs and its effect on their
ability to present an antigen to T cells. The selection of the constructs was limited in this step
because these are relatively complex experiments and differences among constructs carrying
the active Csk were relatively small.
Hematopoietic stem cells immortalized by stable expression of NUP98-HOXB4 fusion
protein were infected with the chosen constructs. Then, they were in vitro differentiated into
DCs by GM-CSF treatment. This approach enables directed inhibition of SFKs in DCs during
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antigen presentation which means that we can study possible deficiencies in T cell priming
caused by inhibition of SFKs in DCs without directly affecting T cell signaling.
At first, we tested whether expression of the constructs inhibits SFKs also in DCs prepared
in the way described above. For this analysis, we chose LAT+ construct and Csk+ construct.
Csk+ lacks any membrane-targeting domain thereby being located in the cytoplasm. As
expected, expression of the LAT+ construct carrying the active Csk led to the phosphorylation
of the inhibitory tyrosine and dephosphorylation of the activatory tyrosine in SFKs.
Moreover, this effect was dependent on expression level of the construct. In contrast,
phosphorylation of the inhibitory tyrosine of SFKs in DCs expressing the Csk+ construct was
only slightly enhanced. However, the phosphorylation of the activatory tyrosine was
unexpectedly inhibited in these cells. This discrepancy might be explained by the constitutive
activity of Csk. Although, it is not targeted to the plasma membrane, overexpression of the
constitutively active Csk could cause a switch of SFKs to a partially active state. Another
possible explanation is that Csk+ construct targeted different SFK population than LAT+
construct with different mechanisms of regulation of the activation loop phosphorylation.
Further, the in vitro differentiated DCs expressing LAT+ and Csk+ constructs were tested
for expression of DC marker CD11c and expression of MHCII and CD86 molecules
necessary for proper antigen presentation. However, very inconsistent data were obtained.
Thus, the infection of NUP98-HOXB4 cells was repeated and additional constructs were
included (LAT+, SCIMP+, SCIMP-, Csk+). Again, expression of the DC markers was
analyzed on the surface of DCs expressing the constructs. The FACS analysis showed that
expression of the constructs carrying the active Csk, especially SCIMP+, blocked DCs
differentiation measured as CD11c expression. This might be caused by inhibition of SFKs
that are also involved in GM-CSF-triggered signaling (Corey et al., 1993). When these DCs
were used for the antigen presentation assay, results were influenced by the defect in DC
differentiation caused by the expression of the constructs carrying the active Csk, especially
SCIMP+.
Thus, expression of the constructs carrying the active Csk in hematopoietic progenitors
influenced their differentiation into DCs and, subsequently, their ability to present an antigen.
For this reason, we decided to proceed to an inducible system (data not shown). We separated
the membrane-targeting sequences from the sequence coding for Csk and cloned these into
two separate vectors. These two sequences are each followed by a different segment encoding
domains that interact when a chemical dimerizer is added into culture. This means that after
addition of the dimerizer the membrane targeting sequence will interact with the Csk
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containing segment, rapidly recruiting this kinase to the plasma membrane. Thus, this system
enables inducible targeting of Csk to the plasma membrane and thereby relatively normal DC
development. Experiments using this system are now ongoing and will likely contribute to
understanding of the role of SFKs at the APC side of the IS.

6. Conclusion
To study the role of SFKs at the APC-side of IS, the set of constructs targeting the
constitutively active or inactive Csk kinase to the various plasma membrane domains was
prepared. Expression of the constructs was tested out and the plasma membrane localization
was verified. Expression of all constructs carrying the active Csk in K46 B cell line inhibited
BCR-induced activation of SFKs, as well as BCR- and MHCII-triggered calcium influx and
BCR-mediated activation marker expression with only relatively minor differences among the
differentially targeted constructs. Further, we showed that expression of the constructs
targeting the active Csk, especially via SCIMP adaptor protein, in the immortalized
hematopoietic progenitors blocked their differentiation to DCs. As a result, the cell population
prepared in this way showed decreased ability to present antigen to the cognate T cells. The
system of inducible targeting of Csk to the plasma membrane, currently under development,
will likely contribute to further clarification of the role of SFKs in signaling at the APC-side
of the IS.

67

7. References
AICHER, A., SHU, G. L., MAGALETTI, D., MULVANIA, T., PEZZUTTO, A., CRAXTON, A. &
CLARK, E. A. 1999. Differential role for p38 mitogen-activated protein kinase in regulating
CD40-induced gene expression in dendritic cells and B cells. J Immunol, 163, 5786-95.
AL-ALWAN, M. M., ROWDEN, G., LEE, T. D. & WEST, K. A. 2001. The dendritic cell
cytoskeleton is critical for the formation of the immunological synapse. J Immunol, 166, 14526.
AL-DACCAK, R., MOONEY, N. & CHARRON, D. 2004. MHC class II signaling in antigenpresenting cells. Current Opinion in Immunology, 16, 108-113.
ALLEN, P. B., OUIMET, C. C. & GREENGARD, P. 1997. Spinophilin, a novel protein phosphatase
1 binding protein localized to dendritic spines. Proc Natl Acad Sci U S A, 94, 9956-61.
ANDREAE, S., BUISSON, S. & TRIEBEL, F. 2003. MHC class II signal transduction in human
dendritic cells induced by a natural ligand, the LAG-3 protein (CD223). Blood, 102, 21302137.
ANDREAE, S., PIRAS, F., BURDIN, N. & TRIEBEL, F. 2002. Maturation and Activation of
Dendritic Cells Induced by Lymphocyte Activation Gene-3 (CD223). The Journal of
Immunology, 168, 3874-3880.
ANGELISOVA, P., HILGERT, I. & HOREJSI, V. 1994. Association of four antigens of the tetraspans
family (CD37, CD53, TAPA-1, and R2/C33) with MHC class II glycoproteins.
Immunogenetics, 39, 249-56.
APOSTOLOPOULOS, V., YURIEV, E., LAZOURA, E., YU, M. & RAMSLAND, P. A. 2008. MHC
and MHC-like molecules: structural perspectives on the design of molecular vaccines. Hum
Vaccin, 4, 400-9.
BARREIRO, O., DE LA FUENTE, H., MITTELBRUNN, M. & SÁNCHEZ-MADRID, F. 2007.
Functional insights on the polarized redistribution of leukocyte integrins and their ligands
during leukocyte migration and immune interactions. Immunological Reviews, 218, 147-164.
BERTHO, N., BLANCHETEAU, V. M., SETTERBLAD, N., LAUPEZE, B., LORD, J. M.,
DRENOU, B., AMIOT, L., CHARRON, D. J., FAUCHET, R. & MOONEY, N. 2002. MHC
class II-mediated apoptosis of mature dendritic cells proceeds by activation of the protein
kinase C-delta isoenzyme. Int Immunol, 14, 935-42.
BERTHO, N., DRENOU, B., LAUPEZE, B., BERRE, C. L., AMIOT, L., GROSSET, J. M.,
FARDEL, O., CHARRON, D., MOONEY, N. & FAUCHET, R. 2000. HLA-DR-mediated
apoptosis susceptibility discriminates differentiation stages of dendritic/monocytic APC. J
Immunol, 164, 2379-85.
BLOOM, O., UNTERNAEHRER, J. J., JIANG, A., SHIN, J. S., DELAMARRE, L., ALLEN, P. &
MELLMAN, I. 2008. Spinophilin participates in information transfer at immunological
synapses. J Cell Biol, 181, 203-11.
BOBBITT, K. R. & JUSTEMENT, L. B. 2000. Regulation of MHC class II signal transduction by the
B cell coreceptors CD19 and CD22. Journal of Immunology, 165, 5588-5596.
BOES, M., CERNY, J., MASSOL, R., OP DEN BROUW, M., KIRCHHAUSEN, T., CHEN, J. &
PLOEGH, H. L. 2002. T-cell engagement of dendritic cells rapidly rearranges MHC class II
transport. Nature, 418, 983-8.
BOISVERT, J., EDMONDSON, S. & KRUMMEL, M. F. 2004. Immunological Synapse Formation
Licenses CD40-CD40L Accumulations at T-APC Contact Sites. The Journal of Immunology,
173, 3647-3652.
BRDICKA, T., PAVLISTOVA, D., LEO, A., BRUYNS, E., KORINEK, V., ANGELISOVA, P.,
SCHERER, J., SHEVCHENKO, A., HILGERT, I., CERNY, J., DRBAL, K., KURAMITSU,
Y., KORNACKER, B., HOREJSI, V. & SCHRAVEN, B. 2000. Phosphoprotein associated
with glycosphingolipid-enriched microdomains (PAG), a novel ubiquitously expressed
transmembrane adaptor protein, binds the protein tyrosine kinase csk and is involved in
regulation of T cell activation. J Exp Med, 191, 1591-604.
BUISSON, S. & TRIEBEL, F. 2003. MHC class II engagement by its ligand LAG-3 (CD223) leads to
a distinct pattern of chemokine and chemokine receptor expression by human dendritic cells.
Vaccine, 21, 862-868.

68

BURKHARDT, A. L., BRUNSWICK, M., BOLEN, J. B. & MOND, J. J. 1991. Anti-immunoglobulin
stimulation of B lymphocytes activates src-related protein-tyrosine kinases. Proc Natl Acad
Sci U S A, 88, 7410-4.
CAMBIER, J. C. & LEHMANN, K. R. 1989. IA-MEDIATED SIGNAL TRANSDUCTION LEADS
TO PROLIFERATION OF PRIMED LYMPHOCYTES-B. Journal of Experimental
Medicine, 170, 877-886.
CAMBIER, J. C., NEWELL, M. K., JUSTEMENT, L. B., MCGUIRE, J. C., LEACH, K. L. & CHEN,
Z. Z. 1987. IA BINDING LIGANDS AND CAMP STIMULATE NUCLEAR
TRANSLOCATION OF PKC IN LYMPHOCYTES-B. Nature, 327, 629-632.
CELLA, M., SCHEIDEGGER, D., PALMER-LEHMANN, K., LANE, P., LANZAVECCHIA, A. &
ALBER, G. 1996. Ligation of CD40 on dendritic cells triggers production of high levels of
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation. J Exp
Med, 184, 747-52.
CORCORAN, K., JABBOUR, M., BHAGWANDIN, C., DEYMIER, M. J., THEISEN, D. L. &
LYBARGER, L. 2011. Ubiquitin-mediated regulation of CD86 protein expression by the
ubiquitin ligase membrane-associated RING-CH-1 (MARCH1). J Biol Chem, 286, 37168-80.
COREY, S., EGUINOA, A., PUYANA-THEALL, K., BOLEN, J. B., CANTLEY, L., MOLLINEDO,
F., JACKSON, T. R., HAWKINS, P. T. & STEPHENS, L. R. 1993. Granulocyte macrophagecolony stimulating factor stimulates both association and activation of phosphoinositide 3OHkinase and src-related tyrosine kinase(s) in human myeloid derived cells. Embo J, 12, 268190.
CROCKER, P. R., PAULSON, J. C. & VARKI, A. 2007. Siglecs and their roles in the immune
system. Nat Rev Immunol, 7, 255-266.
DE GASSART, A., CAMOSSETO, V., THIBODEAU, J., CEPPI, M., CATALAN, N., PIERRE, P. &
GATTI, E. 2008. MHC class II stabilization at the surface of human dendritic cells is the
result of maturation-dependent MARCH I down-regulation. Proc Natl Acad Sci U S A, 105,
3491-6.
DE LA FUENTE, H., MITTELBRUNN, M., SANCHEZ-MARTIN, L., VICENTE-MANZANARES,
M., LAMANA, A., PARDI, R., CABANAS, C. & SANCHEZ-MADRID, F. 2005. Synaptic
clusters of MHC class II molecules induced on DCs by adhesion molecule-mediated initial Tcell scanning. Mol Biol Cell, 16, 3314-22.
DEANS, J. P., LI, H. & POLYAK, M. J. 2002. CD20-mediated apoptosis: signalling through lipid
rafts. Immunology, 107, 176-82.
DOWNWARD, J. 2004. PI 3-kinase, Akt and cell survival. Semin Cell Dev Biol, 15, 177-82.
DRABER, P., VONKOVA, I., STEPANEK, O., HRDINKA, M., KUCOVA, M., SKOPCOVA, T.,
OTAHAL, P., ANGELISOVA, P., HOREJSI, V., YEUNG, M., WEISS, A. & BRDICKA, T.
2011. SCIMP, a transmembrane adaptor protein involved in major histocompatibility complex
class II signaling. Mol Cell Biol, 31, 4550-62.
DRENOU, B., BLANCHETEAU, V., BURGESS, D. H., FAUCHET, R., CHARRON, D. J. &
MOONEY, N. A. 1999. A caspase-independent pathway of MHC class II antigen-mediated
apoptosis of human B lymphocytes. Journal of Immunology, 163, 4115-4124.
ELGUETA, R., BENSON, M. J., DE VRIES, V. C., WASIUK, A., GUO, Y. & NOELLE, R. J. 2009.
Molecular mechanism and function of CD40/CD40L engagement in the immune system.
Immunol Rev, 229, 152-72.
ENGEN, J. R., WALES, T. E., HOCHREIN, J. M., MEYN, M. A., 3RD, BANU OZKAN, S.,
BAHAR, I. & SMITHGALL, T. E. 2008. Structure and dynamic regulation of Src-family
kinases. Cell Mol Life Sci, 65, 3058-73.
EUN, S. Y., O'CONNOR, B. P., WONG, A. W., VAN DEVENTER, H. W., TAXMAN, D. J., REED,
W., LI, P., BLUM, J. S., MCKINNON, K. P. & TING, J. P. 2006. Cutting edge: rho activation
and actin polarization are dependent on plexin-A1 in dendritic cells. J Immunol, 177, 4271-5.
FAASSEN, A. E., DALKE, D. P., BERTON, M. T., WARREN, W. D. & PIERCE, S. K. 1995. CD40CD40 ligand interactions stimulate B cell antigen processing. Eur J Immunol, 25, 3249-55.
FRIEDL, P., DEN BOER, A. T. & GUNZER, M. 2005. Tuning immune responses: Diversity and
adaptation of the immunological synapse. Nature Reviews Immunology, 5, 532-545.

69

GRAKOUI, A., BROMLEY, S. K., SUMEN, C., DAVIS, M. M., SHAW, A. S., ALLEN, P. M. &
DUSTIN, M. L. 1999. The immunological synapse: a molecular machine controlling T cell
activation. Science, 285, 221-7.
GROSSMAN, S. D., HSIEH-WILSON, L. C., ALLEN, P. B., NAIRN, A. C. & GREENGARD, P.
2002. The actin-binding domain of spinophilin is necessary and sufficient for targeting to
dendritic spines. Neuromolecular Med, 2, 61-9.
GUTCHER, I. & BECHER, B. 2007. APC-derived cytokines and T cell polarization in autoimmune
inflammation. J Clin Invest, 117, 1119-27.
HARDER, T. 2004. Lipid raft domains and protein networks in T-cell receptor signal transduction.
Curr Opin Immunol, 16, 353-9.
HAYLETT, R. S., KOCH, N. & RINK, L. 2009. MHC class II molecules activate NFAT and the ERK
group of MAPK through distinct signaling pathways in B cells. European Journal of
Immunology, 39, 1947-1955.
HERMISTON, M. L., ZIKHERMAN, J. & ZHU, J. W. 2009. CD45, CD148, and Lyp/Pep: critical
phosphatases regulating Src family kinase signaling networks in immune cells. Immunol Rev,
228, 288-311.
HIKIDA, M. & KUROSAKI, T. 2005. Regulation of Phospholipase C gamma2 Networks in B
Lymphocytes. In: FREDERICK W. ALT, K. F. A. T. K. F. M. J. W. U. & EMIL, R. U. (eds.)
Advances in Immunology. Academic Press.
HINTZEN, R. Q., LENS, S. M., LAMMERS, K., KUIPER, H., BECKMANN, M. P. & VAN LIER,
R. A. 1995. Engagement of CD27 with its ligand CD70 provides a second signal for T cell
activation. J Immunol, 154, 2612-23.
HUANG, C. T., WORKMAN, C. J., FLIES, D., PAN, X., MARSON, A. L., ZHOU, G., HIPKISS, E.
L., RAVI, S., KOWALSKI, J., LEVITSKY, H. I., POWELL, J. D., PARDOLL, D. M.,
DRAKE, C. G. & VIGNALI, D. A. 2004. Role of LAG-3 in regulatory T cells. Immunity, 21,
503-13.
HUBY, R. D. J., DEARMAN, R. J. & KIMBER, I. 1999. Intracellular phosphotyrosine induction by
major histocompatibility complex class II requires co-aggregation with membrane rafts.
Journal of Biological Chemistry, 274, 22591-22596.
CHONG, Y. P., IA, K. K., MULHERN, T. D. & CHENG, H. C. 2005. Endogenous and synthetic
inhibitors of the Src-family protein tyrosine kinases. Biochim Biophys Acta, 30, 1-2.
INABA, K., TURLEY, S., IYODA, T., YAMAIDE, F., SHIMOYAMA, S., REIS E SOUSA, C.,
GERMAIN, R. N., MELLMAN, I. & STEINMAN, R. M. 2000. The formation of
immunogenic major histocompatibility complex class II-peptide ligands in lysosomal
compartments of dendritic cells is regulated by inflammatory stimuli. J Exp Med, 191, 927-36.
INABA, K., WITMER-PACK, M., INABA, M., HATHCOCK, K. S., SAKUTA, H., AZUMA, M.,
YAGITA, H., OKUMURA, K., LINSLEY, P. S., IKEHARA, S., MURAMATSU, S.,
HODES, R. J. & STEINMAN, R. M. 1994. The tissue distribution of the B7-2 costimulator in
mice: abundant expression on dendritic cells in situ and during maturation in vitro. J Exp Med,
180, 1849-60.
ISHIDA, T., MIZUSHIMA, S., AZUMA, S., KOBAYASHI, N., TOJO, T., SUZUKI, K., AIZAWA,
S., WATANABE, T., MOSIALOS, G., KIEFF, E., YAMAMOTO, T. & INOUE, J. 1996.
Identification of TRAF6, a novel tumor necrosis factor receptor-associated factor protein that
mediates signaling from an amino-terminal domain of the CD40 cytoplasmic region. J Biol
Chem, 271, 28745-8.
JIN, L., WATERMAN, P. M., JONSCHER, K. R., SHORT, C. M., REISDORPH, N. A. &
CAMBIER, J. C. 2008. MPYS, a novel membrane tetraspanner, is associated with major
histocompatibility complex class II and mediates transduction of apoptotic signals. Molecular
and Cellular Biology, 28, 5014-5026.
KAISHO, T. & AKIRA, S. 2006. Toll-like receptor function and signaling. Journal of Allergy and
Clinical Immunology, 117, 979-987.
KAMATH, A. T., HENRI, S., BATTYE, F., TOUGH, D. F. & SHORTMAN, K. 2002.
Developmental kinetics and lifespan of dendritic cells in mouse lymphoid organs. Blood, 100,
1734-41.

70

KAMON, H., KAWABE, T., KITAMURA, H., LEE, J., KAMIMURA, D., KAISHO, T., AKIRA, S.,
IWAMATSU, A., KOGA, H., MURAKAMI, M. & HIRANO, T. 2006. TRIF-GEFH1-RhoB
pathway is involved in MHCII expression on dendritic cells that is critical for CD4 T-cell
activation. Embo J, 25, 4108-19.
KANNER, S. B., GROSMAIRE, L. S., BLAKE, J., SCHIEVEN, G. L., MASEWICZ, S., ODUM, N.
& LEDBETTER, J. A. 1995. ZAP-70 AND P72(SYK) ARE SIGNALING RESPONSE
ELEMENTS THROUGH MHC CLASS-II MOLECULES. Tissue Antigens, 46, 145-154.
KANSAS, G. & TEDDER, T. 1991. Transmembrane signals generated through MHC class II, CD19,
CD20, CD39, and CD40 antigens induce LFA-1-dependent and independent adhesion in
human B cells through a tyrosine kinase-dependent pathway. The Journal of Immunology,
147, 4094-4102.
KAUFMAN, J. F., KRANGEL, M. S. & STROMINGER, J. L. 1984. CYSTEINES IN THE
TRANSMEMBRANE REGION OF MAJOR HISTOCOMPATIBILITY COMPLEX
ANTIGENS ARE FATTY ACYLATED VIA THIOESTER BONDS. Journal of Biological
Chemistry, 259, 7230-7238.
KAWABUCHI, M., SATOMI, Y., TAKAO, T., SHIMONISHI, Y., NADA, S., NAGAI, K.,
TARAKHOVSKY, A. & OKADA, M. 2000. Transmembrane phosphoprotein Cbp regulates
the activities of Src-family tyrosine kinases. Nature, 404, 999-1003.
KELLER, A. M., GROOTHUIS, T. A., VERAAR, E. A., MARSMAN, M., MAILLETTE DE BUY
WENNIGER, L., JANSSEN, H., NEEFJES, J. & BORST, J. 2007. Costimulatory ligand
CD70 is delivered to the immunological synapse by shared intracellular trafficking with MHC
class II molecules. Proc Natl Acad Sci U S A, 104, 5989-94.
KOBAYASHI, T., WALSH, P. T., WALSH, M. C., SPEIRS, K. M., CHIFFOLEAU, E., KING, C. G.,
HANCOCK, W. W., CAAMANO, J. H., HUNTER, C. A., SCOTT, P., TURKA, L. A. &
CHOI, Y. 2003. TRAF6 is a critical factor for dendritic cell maturation and development.
Immunity, 19, 353-63.
KORETZKY, G. A., ABTAHIAN, F. & SILVERMAN, M. A. 2006. SLP76 and SLP65: complex
regulation of signalling in lymphocytes and beyond. Nat Rev Immunol, 6, 67-78.
KROPSHOFER, H., SPINDELDREHER, S., ROHN, T. A., PLATANIA, N., GRYGAR, C.,
DANIEL, N., WOLP, A., LANGEN, H., HOREJSI, V. & VOGT, A. B. 2002. Tetraspan
microdomains distinct from lipid rafts enrich select peptide-MHC class II complexes. Nature
Immunology, 3, 61-68.
KUKA, M., BARONIO, R., VALENTINI, S., MONACI, E., MUZZI, A., APREA, S., DE
GREGORIO, E. & D'ORO, U. 2010. Src kinases are required for a balanced production of IL12/IL-23 in human dendritic cells activated by Toll-like receptor agonists. PLoS One, 5,
0011491.
KUROSAKI, T., SHINOHARA, H. & BABA, Y. 2010. B cell signaling and fate decision. Annu Rev
Immunol, 28, 21-55.
LANE, P., MCCONNELL, F., SCHIEVEN, G., CLARK, E. & LEDBETTER, J. 1990. The role of
class II molecules in human B cell activation. Association with phosphatidyl inositol turnover,
protein tyrosine phosphorylation, and proliferation. The Journal of Immunology, 144, 36843692.
LANG, P., STOLPA, J. C., FREIBERG, B. A., CRAWFORD, F., KAPPLER, J., KUPFER, A. &
CAMBIER, J. C. 2001. TCR-induced transmembrane signaling by peptide/MHC class II via
associated Ig-alpha/beta dimers. Science, 291, 1537-1540.
LENSCHOW, D. J., SPERLING, A. I., COOKE, M. P., FREEMAN, G., RHEE, L., DECKER, D. C.,
GRAY, G., NADLER, L. M., GOODNOW, C. C. & BLUESTONE, J. A. 1994. Differential
up-regulation of the B7-1 and B7-2 costimulatory molecules after Ig receptor engagement by
antigen. J Immunol, 153, 1990-7.
LEVEILLE, C., AL-DACCAK, R. & MOURAD, W. 1999. CD20 is physically and functionally
coupled to MHC class II and CD40 on human B cell lines. European Journal of Immunology,
29, 65-74.
LIANG, B., WORKMAN, C., LEE, J., CHEW, C., DALE, B. M., COLONNA, L., FLORES, M., LI,
N., SCHWEIGHOFFER, E., GREENBERG, S., TYBULEWICZ, V., VIGNALI, D. &

71

CLYNES, R. 2008. Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3
engagement of MHC class II. J Immunol, 180, 5916-26.
LIN, X., WANG, Y., AHMADIBENI, Y., PARANG, K. & SUN, G. 2006. Structural basis for
domain-domain communication in a protein tyrosine kinase, the C-terminal Src kinase. J Mol
Biol, 357, 1263-73.
LOKSHIN, A. E., KALINSKI, P., SASSI, R. R., MAILLIARD, R. B., MULLER-BERGHAUS, J.,
STORKUS, W. J., PENG, X., MARRANGONI, A. M., EDWARDS, R. P. & GORELIK, E.
2002. Differential regulation of maturation and apoptosis of human monocyte-derived
dendritic cells mediated by MHC class II. Int Immunol, 14, 1027-37.
LUTY, W. H., RODEBERG, D., PARNESS, J. & VYAS, Y. M. 2007. Antiparallel segregation of
notch components in the immunological synapse directs reciprocal signaling in allogeneic
Th:DC conjugates. J Immunol, 179, 819-29.
MAECKER, H. T., TODD, S. C. & LEVY, S. 1997. The tetraspanin superfamily: molecular
facilitators. Faseb J, 11, 428-42.
MARTIN, G. S. 2001. The hunting of the Src. Nat Rev Mol Cell Biol, 2, 467-75.
MARZIO, R., MAUEL, J. & BETZ-CORRADIN, S. 1999. CD69 and regulation of the immune
function. Immunopharmacol Immunotoxicol, 21, 565-82.
MCLELLAN, A., HELDMANN, M., TERBECK, G., WEIH, F., LINDEN, C., BROCKER, E. B.,
LEVERKUS, M. & KAMPGEN, E. 2000a. MHC class II and CD40 play opposing roles in
dendritic cell survival. Eur J Immunol, 30, 2612-9.
MCLELLAN, A. D., TERBECK, G., MENGLING, T., STARLING, G. C., KIENER, P. A., GOLD,
R., BROCKER, E. B., LEVERKUS, M. & KAMPGEN, E. 2000b. Differential susceptibility
to CD95 (Apo-1/Fas) and MHC class II-induced apoptosis during murine dendritic cell
development. Cell Death Differ, 7, 933-8.
MERAD, M., SATHE, P., HELFT, J., MILLER, J. & MORTHA, A. 2013. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady state and the inflamed
setting. Annu Rev Immunol, 31, 563-604.
MIGA, A. J., MASTERS, S. R., DURELL, B. G., GONZALEZ, M., JENKINS, M. K.,
MALISZEWSKI, C., KIKUTANI, H., WADE, W. F. & NOELLE, R. J. 2001. Dendritic cell
longevity and T cell persistence is controlled by CD154-CD40 interactions. Eur J Immunol,
31, 959-65.
MILLER, J., BAKER, C., COOK, K., GRAF, B., SANCHEZ-LOCKHART, M., SHARP, K., WANG,
X., YANG, B. & YOSHIDA, T. 2009. Two pathways of costimulation through CD28.
Immunol Res, 45, 159-72.
MITTELBRUNN, M., YANEZ-MO, M., SANCHO, D., URSA, A. & SANCHEZ-MADRID, F. 2002.
Cutting edge: dynamic redistribution of tetraspanin CD81 at the central zone of the immune
synapse in both T lymphocytes and APC. J Immunol, 169, 6691-5.
MOAREFI, I., LAFEVRE-BERNT, M., SICHERI, F., HUSE, M., LEE, C. H., KURIYAN, J. &
MILLER, W. T. 1997. Activation of the Src-family tyrosine kinase Hck by SH3 domain
displacement. Nature, 385, 650-3.
MONE, A. P., HUANG, P., PELICANO, H., CHENEY, C. M., GREEN, J. M., TSO, J. Y.,
JOHNSON, A. J., JEFFERSON, S., LIN, T. S. & BYRD, J. C. 2004. Hu1D10 induces
apoptosis concurrent with activation of the AKT survival pathway in human chronic
lymphocytic leukemia cells. Blood, 103, 1846-1854.
MONKS, C. R. F., FREIBERG, B. A., KUPFER, H., SCIAKY, N. & KUPFER, A. 1998. Threedimensional segregation of supramolecular activation clusters in T cells. Nature, 395, 82-86.
MORIO, T., GEHA, R. S. & CHATILA, T. A. 1994. Engagement of MHC class II molecules by
staphylococcal superantigens activates src-type protein tyrosine kinases. Eur J Immunol, 24,
651-8.
MOURAD, W., GEHA, R. S. & CHATILA, T. 1990. ENGAGEMENT OF MAJOR
HISTOCOMPATIBILITY COMPLEX CLASS-II MOLECULES INDUCES SUSTAINED,
LYMPHOCYTE FUNCTION-ASSOCIATED MOLECULE-1-DEPENDENT CELLADHESION. Journal of Experimental Medicine, 172, 1513-1516.
MOURAD, W., SCHOLL, P., DIAZ, A., GEHA, R. & CHATILA, T. 1989. THE
STAPHYLOCOCCAL TOXIC SHOCK SYNDROME TOXIN-1 TRIGGERS B-CELL

72

PROLIFERATION AND DIFFERENTIATION VIA MAJOR HISTOCOMPATIBILITY
COMPLEX-UNRESTRICTED COGNATE T/B-CELL INTERACTION. Journal of
Experimental Medicine, 170, 2011-2022.
NABAVI, N., FREEMAN, G. J., GAULT, A., GODFREY, D., NADLER, L. M. & GLIMCHER, L.
H. 1992. Signalling through the MHC class II cytoplasmic domain is required for antigen
presentation and induces B7 expression. Nature, 360, 266-268.
NADA, S., OKADA, M., MACAULEY, A., COOPER, J. A. & NAKAGAWA, H. 1991. Cloning of a
complementary DNA for a protein-tyrosine kinase that specifically phosphorylates a negative
regulatory site of p60c-src. Nature, 351, 69-72.
NASHAR, T. O. & DRAKE, J. R. 2006. Dynamics of MHC class II-activating signals in murine
resting B cells. Journal of Immunology, 176, 827-838.
NEEFJES, J., JONGSMA, M. L. M., PAUL, P. & BAKKE, O. 2011. Towards a systems
understanding of MHC class I and MHC class II antigen presentation. Nat Rev Immunol, 11,
823-836.
OKADA, M. 2012. Regulation of the SRC family kinases by Csk. Int J Biol Sci, 8, 1385-97.
ONEYAMA, C., IINO, T., SAITO, K., SUZUKI, K., OGAWA, A. & OKADA, M. 2009.
Transforming potential of Src family kinases is limited by the cholesterol-enriched membrane
microdomain. Mol Cell Biol, 29, 6462-72.
OTAHAL, P., ANGELISOVA, P., HRDINKA, M., BRDICKA, T., NOVAK, P., DRBAL, K. &
HOREJSI, V. 2010. A new type of membrane raft-like microdomains and their possible
involvement in TCR signaling. J Immunol, 184, 3689-96.
OTAHAL, P., PATA, S., ANGELISOVA, P., HOREJSI, V. & BRDICKA, T. 2011. The effects of
membrane compartmentalization of csk on TCR signaling. Biochim Biophys Acta. 2011
Feb;1813(2):367-76. doi: 10.1016/j.bbamcr.2010.12.003. Epub 2010 Dec 15.
OUAAZ, F., ARRON, J., ZHENG, Y., CHOI, Y. & BEG, A. A. 2002. Dendritic cell development and
survival require distinct NF-kappaB subunits. Immunity, 16, 257-70.
PARTIDA-SÁNCHEZ, S., GARIBAY-ESCOBAR, A., FRIXIONE, E., PARKHOUSE, R. M. E. &
SANTOS-ARGUMEDO, L. 2000. CD45R, CD44 and MHC class II are signaling molecules
for the cytoskeleton-dependent induction of dendrites and motility in activated B cells.
European Journal of Immunology, 30, 2723-2728.
POLOSO, N. J., DENZIN, L. K. & ROCHE, P. A. 2006. CDw78 defines MHC class II-peptide
complexes that require Ii chain-dependent lysosomal trafficking, not localization to a specific
tetraspanin membrane microdomain. J Immunol, 177, 5451-8.
PORTER, M., SCHINDLER, T., KURIYAN, J. & MILLER, W. T. 2000. Reciprocal regulation of
Hck activity by phosphorylation of Tyr(527) and Tyr(416). Effect of introducing a high
affinity intramolecular SH2 ligand. J Biol Chem, 275, 2721-6.
PULECIO, J., TAGLIANI, E., SCHOLER, A., PRETE, F., FETLER, L., BURRONE, O. R. &
BENVENUTI, F. 2008. Expression of Wiskott-Aldrich syndrome protein in dendritic cells
regulates synapse formation and activation of naive CD8+ T cells. J Immunol, 181, 1135-42.
PULLEN, S. S., DANG, T. T., CRUTE, J. J. & KEHRY, M. R. 1999. CD40 signaling through tumor
necrosis factor receptor-associated factors (TRAFs). Binding site specificity and activation of
downstream pathways by distinct TRAFs. J Biol Chem, 274, 14246-54.
RAMISCAL, R. R. & VINUESA, C. G. 2013. T-cell subsets in the germinal center. Immunol Rev,
252, 146-55.
REIS E SOUSA, C. 2006. Dendritic cells in a mature age. Nat Rev Immunol, 6, 476-83.
REIZIS, B., BUNIN, A., GHOSH, H. S., LEWIS, K. L. & SISIRAK, V. 2011. Plasmacytoid dendritic
cells: recent progress and open questions. Annu Rev Immunol, 29, 163-83.
RICH, T., LAWLER, S. E., LORD, J. M., BLANCHETEAU, V. M., CHARRON, D. J. & MOONEY,
N. A. 1997. HLA class II-induced translocation of PKC alpha and PKC beta II isoforms is
abrogated following truncation of DR beta cytoplasmic domains. Journal of Immunology, 159,
3792-3798.
RIOL-BLANCO, L., DELGADO-MARTIN, C., SANCHEZ-SANCHEZ, N., ALONSO, C. L.,
GUTIERREZ-LOPEZ, M. D., DEL HOYO, G. M., NAVARRO, J., SANCHEZ-MADRID, F.,
CABANAS, C., SANCHEZ-MATEOS, P. & RODRIGUEZ-FERNANDEZ, J. L. 2009.

73

Immunological synapse formation inhibits, via NF-kappaB and FOXO1, the apoptosis of
dendritic cells. Nat Immunol, 10, 753-60.
ROAKE, J. A., RAO, A. S., MORRIS, P. J., LARSEN, C. P., HANKINS, D. F. & AUSTYN, J. M.
1995. Dendritic cell loss from nonlymphoid tissues after systemic administration of
lipopolysaccharide, tumor necrosis factor, and interleukin 1. J Exp Med, 181, 2237-47.
RODRIGUEZ-FERNANDEZ, J. L., RIOL-BLANCO, L. & DELGADO-MARTIN, C. 2010. What Is
the Function of the Dendritic Cell Side of the Immunological Synapse? Sci. Signal., 3, re2-.
RODRIGUEZ-PINTO, D. 2005. B cells as antigen presenting cells. Cellular Immunology, 238, 67-75.
ROY, M., ARUFFO, A., LEDBETTER, J., LINSLEY, P., KEHRY, M. & NOELLE, R. 1995. Studies
on the interdependence of gp39 and B7 expression and function during antigen-specific
immune responses. Eur J Immunol, 25, 596-603.
RUBINSTEIN, E., LENAOUR, F., LAGAUDRIEREGESBERT, C., BILLARD, M., CONJEAUD, H.
& BOUCHEIX, C. 1996. CD9, CD63, CD81, and CD82 are components of a surface tetraspan
network connected to HLA-DR and VLA integrins. European Journal of Immunology, 26,
2657-2665.
RUEDL, C., KHAMENEH, H. J. & KARJALAINEN, K. 2008. Manipulation of immune system via
immortal bone marrow stem cells. Int Immunol, 20, 1211-8.
SCHMID, M. A., KINGSTON, D., BODDUPALLI, S. & MANZ, M. G. 2010. Instructive cytokine
signals in dendritic cell lineage commitment. Immunol Rev, 234, 32-44.
SIEMASKO, K., EISFELDER, B. J., STEBBINS, C., KABAK, S., SANT, A. J., SONG, W. &
CLARK, M. R. 1999. Ig alpha and Ig beta are required for efficient trafficking to late
endosomes and to enhance antigen presentation. J Immunol, 162, 6518-25.
SIEMASKO, K., EISFELDER, B. J., WILLIAMSON, E., KABAK, S. & CLARK, M. R. 1998.
Cutting edge: signals from the B lymphocyte antigen receptor regulate MHC class II
containing late endosomes. J Immunol, 160, 5203-8.
SMITH-GARVIN, J. E., KORETZKY, G. A. & JORDAN, M. S. 2009. T cell activation. Annu Rev
Immunol, 27, 591-619.
STEINMAN, R. M. & NUSSENZWEIG, M. C. 2002. Avoiding horror autotoxicus: the importance of
dendritic cells in peripheral T cell tolerance. Proc Natl Acad Sci U S A, 99, 351-8.
STEPHANOU, A. & LATCHMAN, D. S. 2005. Opposing actions of STAT-1 and STAT-3. Growth
Factors, 23, 177-82.
STODDART, A., DYKSTRA, M. L., BROWN, B. K., SONG, W., PIERCE, S. K. & BRODSKY, F.
M. 2002. Lipid Rafts Unite Signaling Cascades with Clathrin to Regulate BCR Internalization.
Immunity, 17, 451-462.
TORDJMAN, R., LEPELLETIER, Y., LEMARCHANDEL, V., CAMBOT, M., GAULARD, P.,
HERMINE, O. & ROMEO, P. H. 2002. A neuronal receptor, neuropilin-1, is essential for the
initiation of the primary immune response. Nat Immunol, 3, 477-82.
TRIEBEL, F., JITSUKAWA, S., BAIXERAS, E., ROMANROMAN, S., GENEVEE, C.,
VIEGASPEQUIGNOT, E. & HERCEND, T. 1990. LAG-3, A NOVEL LYMPHOCYTEACTIVATION GENE CLOSELY RELATED TO CD4. Journal of Experimental Medicine,
171, 1393-1405.
TROMBETTA, E. S., EBERSOLD, M., GARRETT, W., PYPAERT, M. & MELLMAN, I. 2003.
Activation of lysosomal function during dendritic cell maturation. Science, 299, 1400-3.
TROMBETTA, E. S. & MELLMAN, I. 2005. Cell biology of antigen processing in vitro and in vivo.
Annu Rev Immunol, 23, 975-1028.
TRUMAN, J.-P., ERICSON, M. L., CHOQUEUX-SÉÉBOLD, C. J. M., CHARRON, D. J. &
MOONEY, N. A. 1994. Lymphocyte programmed cell death is mediated via HLA class II DR.
International Immunology, 6, 887-896.
WEST, M. A., PRESCOTT, A. R., ESKELINEN, E. L., RIDLEY, A. J. & WATTS, C. 2000. Rac is
required for constitutive macropinocytosis by dendritic cells but does not control its
downregulation. Curr Biol, 10, 839-48.
WEST, M. A., WALLIN, R. P., MATTHEWS, S. P., SVENSSON, H. G., ZARU, R., LJUNGGREN,
H. G., PRESCOTT, A. R. & WATTS, C. 2004. Enhanced dendritic cell antigen capture via
toll-like receptor-induced actin remodeling. Science, 305, 1153-7.

74

WILSON, N. S., EL-SUKKARI, D. & VILLADANGOS, J. A. 2004. Dendritic cells constitutively
present self antigens in their immature state in vivo and regulate antigen presentation by
controlling the rates of MHC class II synthesis and endocytosis. Blood, 103, 2187-95.
WONG, A. W., BRICKEY, W. J., TAXMAN, D. J., VAN DEVENTER, H. W., REED, W., GAO, J.
X., ZHENG, P., LIU, Y., LI, P., BLUM, J. S., MCKINNON, K. P. & TING, J. P. 2003.
CIITA-regulated plexin-A1 affects T-cell-dendritic cell interactions. Nat Immunol, 4, 891-8.
WONG, L., LIESER, S. A., MIYASHITA, O., MILLER, M., TASKEN, K., ONUCHIC, J. N.,
ADAMS, J. A., WOODS, V. L., JR. & JENNINGS, P. A. 2005. Coupled motions in the SH2
and kinase domains of Csk control Src phosphorylation. J Mol Biol, 351, 131-43.
XU, W., HARRISON, S. C. & ECK, M. J. 1997. Three-dimensional structure of the tyrosine kinase cSrc. Nature, 385, 595-602.
YANAGAWA, Y. & ONOE, K. 2006. Distinct regulation of CD40-mediated interleukin-6 and
interleukin-12 productions via mitogen-activated protein kinase and nuclear factor kappaBinducing kinase in mature dendritic cells. Immunology, 117, 526-35.
YANEZ-MO, M., BARREIRO, O., GORDON-ALONSO, M., SALA-VALDES, M. & SANCHEZMADRID, F. 2009. Tetraspanin-enriched microdomains: a functional unit in cell plasma
membranes. Trends in Cell Biology, 19, 434-446.
YOSHIDA, K. 2007. PKCdelta signaling: mechanisms of DNA damage response and apoptosis. Cell
Signal, 19, 892-901.
ZHANG, W., TRIBLE, R. P. & SAMELSON, L. E. 1998. LAT palmitoylation: its essential role in
membrane microdomain targeting and tyrosine phosphorylation during T cell activation.
Immunity, 9, 239-46.

75

