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The innate and adaptive immune system
The immune system is our most important line of defense against invading pathogens.
It is tasked with detecting, recognizing and eliminating foreign material in our bodies,
including bacteria, fungi, viruses and malignant cells1. In order to function properly, the
immune system relies on two main strategies to eliminate foreign material, the innate
and adaptive immune response.
The innate immune system consists of a cellular component, including NK cells,
granulocytes (basophils neutrophils, mast cells and eosinophils) and mononuclear cells
(monocytes and macrophages), as well as a humoral component known as the complement
system1, 2, 3. Major functions of the innate immune system include the recruitment of
immune cells to sites of infection, activation of the complement cascade to mark foreign
matter for clearance, and phagocytosis2. The strength of the innate immune system lies
in its ability to respond very rapidly, though this response is aspecific and may therefore
fall short of the mark at times.
When the innate immune response is unable to eliminate the threat within 4 to 7 days,
the adaptive immune response takes over. The gap between the innate and adaptive immune
system is bridged by dendritic cells (DCs), these cells take up and present pieces of infectious
agents or transformed cells in order to prime the cells of the adaptive immune system.
Though the adaptive immune system is slower to mount a response, the main advantage
is that this response is tailored to the invading pathogen or transformed cell, allowing for
a more accurate targeting and elimination of the threat4, 5. The other important hallmark
of the adaptive response, is immunological memory which is the basis for vaccination.
Immunological memory is created upon contact with a pathogen and preserved long after
the clearance of the initial infection. Upon subsequent contact with the same pathogen,
the adaptive response will be enhanced and much more rapid, protecting us from reinfection. The two most important players in the adaptive defense are T and B lymphocytes,
responsible for the cellular and humoral adaptive response, respectively.
T cells can be subdivided into two main categories, CD4+ and CD8+ T cells5. CD4+ T
cells, also known as helper T cells, are able to assist in the activation of other immune cells
through the production and release of specific cytokines. CD8+ T cells, also called killer
or cytotoxic T cells, are able to directly target and eliminate infected or transformed cells
through the excretion of cytolytic substances. Both CD4+ and CD8+ T cells are activated
through contact with antigen presenting cells (APCs). The role of APCs, such as DCs, is
to take up antigen and present this to T cells in the context of major histocompatibility
complex (MHC) molecules, located on the DC surface. When the DC encounters a T cell
which is able to recognize this specific antigen though its T cell receptor (TCR), a dynamic
interface, known as the immunological synapse is formed between these two interacting
cells. This interface allows for rapid and efficient signaling leading to T cell activation.
Unlike T cells, B cells are not able to eliminate pathogens through direct killing. Instead,
B cells aid in the adaptive immune response through the production of antibodies which are
able to recognize their target specifically, these are then either neutralized, phagocytosed
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by other cells or primed to trigger complement activation6. B cells are able to bind and
internalize antigens through the B cell receptor (BCR), these can then be processed and
returned to the cell surface in the context of MHC-II molecules. CD4+ T cells can use their
TCR to recognize and interact with the MHC-II peptide complex on the B cells surface,
which leads to B cell activation and subsequently to antibody production2.

Immune signaling and the immunological synapse
Immune surface receptors such as the TCR and BCR are vital to immune function, these
receptors serve to connect the external and internal environment of cells through the
process of signal transduction. Signaling occurs in every cell, and can be divided into three
distinct but connected phases: reception, transduction and response. These processes aid
in governing and coordinating the behavior of individual cells to support the function of
the whole organism7.
Reception of signals is mediated by cell surface receptors, which function as the
antennas, picking up signals through direct cell-cell interactions or through the binding of
soluble factors released into the extracellular environment by other cells e.g. cytokines.
Upon receiving a signal, receptors are also charged with propagating the signal by
biochemical or physical means into the interior of the cell through a process known as
signal transduction. Signal transduction requires changes in cytosolic protein-protein
interactions composed mainly of kinases and phosphatases, which are responsible for adding
and removing phosphate groups from other proteins8. These alterations in phosphorylation
can result in changes in conformation, location or activity of further downstream kinases
or phosphatases, thereby propagating the signal. The direct and final outcome of signal
transduction is the cellular response which is mediated by transcriptional changes in the
nucleus.
Though signaling is a ubiquitous cell function, it has a particularly important role
within the immune system. In the absence of any signaling reception, transduction and
response, the immune system is completely paralyzed. Highlighting the importance
of this process, dysfunction in immune cell signaling has been linked to auto-immune
diseases, recurrent infection and cancer development9, 10, 11. Signaling within the immune
compartment is vital to both the innate and adaptive response.
The innate immune system relies on pattern recognition receptors (PRRs) on the
cell surface and in the cytoplasm to sense danger signals associated with pathogens
(PAMPs) and host danger signals (DAMPs)12. The adaptive immune system on the other
hand, uses cell-specific receptors like the TCR and BCR to sense cues from the external
environment13. Though these receptors are vital for signaling, they are by themselves
often not enough to trigger a response, for this they require co-stimulatory proteins. To
this end, the BCR utilizes the B cell co-receptor complex, composed of CD19, CD81 and
CD21 (CR2) to amplify and prolong the B cell antigen response14, 15. Upon contact with T
cells, B cells also upregulate the membrane protein CD40, which binds to CD40L on the
14
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surface of T helper cells, in order to enhance signaling16. Similarly, the TCR also relies on
other membrane proteins, namely CD4 or CD8, which can bind to MHC molecules and
augment the activation of T cells6. Beyond that, complete T cell activation also requires
co-stimulation through CD28 and through cytokine receptors17, 18, 19.
Downstream of these surface proteins numerous signaling molecules are activated
in both T and B cells, including calcium, numerous tyrosine kinases and cell specific
isoforms of protein kinase C (PKC) (Figure 1). PKC proteins in particular, are central to
lymphocyte function, acting as non-redundant cell activators downstream of the TCR and
BCR20, 21. This has made PKCs an exciting target in the past for the treatment of immune
related diseases. Unfortunately, our inability to specifically target these ubiquitously
expressed proteins has severely hampered this effort so far22, 23.

Membrane organization of the immune cell surface by
tetraspanin proteins
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Figure 1. An overview of the B and T cell receptor signaling pathways.
A schematic overview of the major proteins involved in signaling downstream of the B cell receptor and T cell
receptor.

Signaling requires not only the expression and availability of the above-mentioned receptors
and co-stimulatory molecules but is also dependent on the appropriate localization of these
proteins within the plasma membrane. The cell surface is able to create platforms, known
as microdomains, for the support of intense signaling activity, through its ability to selforganize. To date, several mechanisms have been found to underpin this self-organizing
capacity, including scaffolding proteins, lipid rafts, sugar-binding galectin molecules, and
tetraspanin proteins24, 25, 26, 27, 28. This mosaic of nano-scale membrane microdomains does
much more than simply organizing the cell surface, it is responsible for facilitating and
regulating protein interactions which are vital to cellular function. Microdomains function
as both docking sites for signaling molecules as well as areas for receptor cross-talk29, 30.
Proteins segregate into microdomains in a very specific manner, this is a selective process
15

in which the protein and lipid environment in these microdomains define which signaling
molecules or receptors are recruited to reside there26, 31, 32.
The tetraspanin family is comprised of transmembrane proteins containing four
hydrophobic transmembrane domains, two extracellular domains and two short intracellular
tails33. Tetraspanins are defined by the presence of four, six or eight conserved cysteine
domains found within the second extracellular loop, also called EC234. Tetraspanins exert
their function by behaving as molecular scaffolds as they have the ability to interact with
both each other and partner proteins located either on the cell surface or on intracellular
membranes. Through their interactions they are able to organize proteins into membrane
microdomains referred to as tetraspanin enriched microdomains (TEMs) or the tetraspanin
web35. TEMs bring together functionally related proteins in order to make cellular processes
more efficient, these processes include adhesion, migration, signaling and fusion31. There
are 33 known tetraspanin family members expressed by human cells, most of which have
a ubiquitous expression pattern. Tetraspanins CD9 and CD151 on T cells have been found
to be important for integrin signaling at the immunological synapse by controlling the relocalization of specific integrins to this site36. Additionally, tetraspanin CD82 has also been
found to regulate integrin stability and density through clustering, thereby changing the
adhesive capacity of these cells37.
With respect to signaling, many tetraspanins have been reported to regulate signaling
molecules directly. This can either be through the modulation of surface receptors or
through direct interaction with intracellular signaling proteins. For example, CD151 has
been found to regulate epithelial cell-cell adhesion by cytoskeletal reorganization through
the intracellular signaling molecule PKC38. The proposed interactions between tetraspanins
and PKC proteins is particularly interesting because of the central and non-redundant role
PKCs have in the regulation of immune cell function, especially in B and T cells where
PKCs are important for activation24, 25. For this reason, there has been a lot of effort to
produce PKC inhibitors for the treatment of several immune diseases, though this has been
unsuccessful so far due to the ubiquitous expression pattern of PKCs and the inability to
create inhibitors with sufficient specificity to individually target PKC isoforms26.
Despite these past findings and the importance of PKC proteins in immune cell
function, their interaction with tetraspanins have not yet been studied in the context of
immune cells or as they relate to the immune-specific tetraspanins. Viewed in this light,
one can hypothesize that tetraspanins may present a novel alternative for the regulation
of PKC activity. In T cells it is known that PKC binds to the co-receptor protein CD28
in order to anchor at the membrane and segregate into the immunological synapse,
for B cells the exact mechanism of membrane localization was not defined39. The work
presented in chapter 4 will serve to shed light on this matter by detailing our discovery
on the direct interaction between CD53 and PKC in B cells.
Furthermore, tetraspanins CD9, CD63, CD81, CD82 and CD151 have been shown to
interact with the phosphorylated form of focal adhesion kinase (FAK) which is responsible
for the interaction between integrins and the actin cytoskeleton40. Phosphatidylinositol
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4-kinase (PI4K) is responsible for catalyzing the conversion of phosphatidylinositol (PI)
to phosphatidylinositol 4-phosphate (PI4P), which is an important intermediate for
lipid-mediated signaling, and experiments have shown that PI4K resides within TEMs
containing CD63 and CD8141. Additionally, CD81 has been shown to organize the
immunological synapse of T cells and thereby regulate T cell signaling, it has also been
implicated in the regulation of ERK/MAPkinase in tumor cells42, 43.

Immune specific tetraspanins
There are only two tetraspanins known to be restricted to the immune compartment,
these are CD37 and CD53. CD37 has been extensively studied and its loss has been
linked to defects in numerous cellular and humoral immune functions such as migration,
adhesion, proliferation and antibody production44, 45, 46, 47. The absence of CD37 results in
spontaneous development of B cell lymphoma in mice and has been shown to correlate
with worse progression-free and overall survival in patients48, 49. With respect to T cells,
multiple tetraspanins including CD37 have been shown to play a role in T cell activation,
co-stimulation, proliferation and immunological synapse formation36, 50. CD53 in contrast
has been comparatively understudied despite strong evidence that this tetraspanin also
contributes in important and non-redundant ways to immune cell function51, 52.
CD53 is expressed highly on B cells and myeloid cells, though T cells also express
significant levels of CD5353, 54. There is solid evidence that CD53 plays an important
role in maintaining immune integrity as patients lacking CD53 suffer from recurrent
viral, bacterial and fungal infections52. Though CD53 is understudied, a few studies have
investigated on its role in immune cells. For example, the ligation of CD53 has been shown
to induce activation of the adhesion molecule LFA-1 on the membrane of natural killer
(NK) cells51. Additionally, CD53, along with the tetraspanins CD9, CD81 and CD82,
have been found to individually interact with protein kinase C α (PKCα) upon PMA
stimulation of Jurkat T cells55. In B cells, CD53 has been linked to both cell activation and
adhesion through antibody cross-linking studies, though questions still remain regarding
the exact mechanism regulating these processes56, 57, 58. To date, CD53 has only been
linked to T cells in one study, in which it is shown that CD53 associates with the adhesion
molecule CD2 on the surface of rat T cells59. The finding that the absence of CD53 leads
to recurrent viral, bacterial and fungal infections in humans may implicate CD53 in the
function of T cells since these are important for the immune response to all three of
these pathogen classes. In addition, CD53 genetic polymorphisms have been linked to
tuberculosis, asthma and cytokine production, although the underlying mechanisms have
not been elucidated60, 61, 62, 63. This highlights the importance of membrane organization
as a whole, and CD53 in particular, since the loss of this tetraspanin alone is enough to
cause the immune system to become deregulated. This also underscores why CD53 is
an interesting aim for research since it may provide a novel target for the modulation of
immune function.
17

The scope and aims of this thesis
Despite the obvious importance of plasma membrane microdomains and membrane
organization in general, there is still large deficit in our knowledge on how these
microdomains are formed, regulated and how they influence cell signaling. A better
understanding of how proteins like the tetraspanin CD53 organize the cell membrane
and thereby regulate cell function would allow for the exploration of novel modulatory
methods, opening up new avenues for the treatment of many ailments. This introduction
has served to illustrate that the role of tetraspanins in general, and CD53 specifically,
have been largely neglected as it relates to immune cell function despite numerous
indications that tetraspanins can both interact with, and regulate signaling cascades.
The evidence supporting this comes mainly from biochemical studies, which, while
valuable for the identification of interactions, are unable to elucidate important aspects
of signaling such as spatio-temporal protein dynamics. The mechanisms underlying these
reported interactions between tetraspanins and signaling molecules have also remained
largely unexplored. This is likely because no attempt has ever been made to study these
interactions in living cells, which adds a new dimension to the observed interaction and
allows for a more complete picture of signaling to emerge.
During the course of my PhD studies I have focused on the identification of novel
regulatory roles for tetraspanin CD53 in B and T lymphocyte signaling. I aim to elucidate
how membrane organization by CD53 contributes to lymphocyte function and what
the functional implications are when CD53 is absent on both the single cell and whole
organism level. Chapter 1 focuses on reviewing the molecular basis underpinning
interaction between tetraspanins and their partner proteins. In this review, I adopted
a more physiological point of view from which to study the tetraspanin web and link
this to the myriad of dynamic interactions these proteins are involved in, including
with intracellular signaling molecules. In chapter 2 I continue to explore the nature
of tetraspanin interactions by setting-up a model membrane system. I describe the
initial steps of setting up this tool and how this may be applied in the future to study
tetraspanin-tetraspanin and tetraspanin-partner interactions. In Chapter 3, I discuss our
observation that the absence of CD53 leads to homotypic clustering in B cells and relate
this to the interaction between CD53 and integrins. Chapter 4 focuses on my finding
that CD53 can regulate the localization and activation of PKC in living B cells and that
this affects downstream signaling. We also show that this relationship is present in both
murine and human B cells using multiple model systems. The novel function of CD53 in
T cell signaling and proliferative capacity is discussed in chapter 5, where we focus on
establishing the association between surface organization and T cell function using human
and murine primary cells and in vivo models.
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Abstract
To facilitate the myriad of different (signaling) processes that take place at the plasma
membrane, cells depend on a high degree of membrane protein organization. Important
mediators of this organization are tetraspanin proteins. Tetraspanins interact laterally
amongst themselves and with partner proteins to control the spatial organization
of membrane proteins in large networks called the tetraspanin web. The molecular
interactions underlying the formation of the tetraspanin web were hitherto mainly
described based on their resistance to different detergents, a classification which does
not necessarily correlate with functionality in the living cell. To look at these interactions
from a more physiological point of view, this review discusses tetraspanin interactions
based on their function in the tetraspanin web; 1) intramolecular interactions supporting
tetraspanin structure, 2) tetraspanin-tetraspanin interactions supporting web formation,
3) tetraspanin-partner interactions adding functional partners to the web, and 4) cytosolic
tetraspanin interactions regulating intracellular signaling. The recent publication of the
first full length tetraspanin crystal structure sheds new light on both the intra- and
intermolecular tetraspanin interactions that shape the tetraspanin web. Furthermore,
recent molecular dynamic modeling studies indicate that the binding strength between
tetraspanins and between tetraspanins and their partners are the complex sum of both
promiscuous and specific interactions. A deeper insight into this complex mixture of
interactions is essential to our fundamental understanding of the tetraspanin web and its
dynamics which constitute a basic building block of the cell surface.
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Introduction
Spinning the tetraspanin web
Tetraspanins are highly conserved integral membrane proteins involved in membrane
organization and compartmentalization. This is achieved through lateral interactions
amongst tetraspanins and between tetraspanins and their partner proteins thereby forming
tetraspanin-enriched microdomains (TEMs), also referred to as ‘’the tetraspanin web’’.
The tetraspanin web creates a local environment containing a specific set of proteins in
the plasma membrane which can facilitate or impede particular cellular processes 1.
Tetraspanins are small hydrophobic proteins that are approximately 200-350 amino
acids in length and protrude 3-5 nm from the cell surface 2, 3. They consist of four
transmembrane regions (TM), one small (EC1) and one large (EC2) extracellular loop,
one small cytoplasmic loop and two short cytoplasmic tails. Though there are many
different 4-transmembrane proteins present on the cell surface, not all of these proteins
are considered part of the tetraspanin superfamily. For example, the MS4A protein
family comprise 4-transmembrane proteins (including CD20 and HTm4) which are not
considered to be genuine tetraspanins 4. Genuine tetraspanins are characterized by the
presence of a conserved CCG motif and two conserved cysteine residues located in the
EC2 domain 5. Tetraspanins have been shown to play a role in a number of vital cell
biological processes including adhesion, migration, fusion and signaling 6, 7. As a result
of their involvement in these fundamental processes tetraspanins have been implicated
in the pathophysiology of numerous diseases including HIV 8, hepatitis C 9, malaria 10,
type 1 diabetes 11, and cancer 12. The recent discovery that loss of a specific tetraspanin
(CD37) leads to spontaneous development of B cell lymphoma, indicates that individual
members of this family can have non-redundant functions in maintaining cellular health
13
. These studies demonstrate that cells rely on the organizational capacity of tetraspanins
to regulate their function, which is inextricably tied to their ability to assemble the
tetraspanin web.
The assembly of the tetraspanin web was proposed to be reliant upon 3 different levels
of interactions, referred to as first level (primary), second level (secondary) and third
level (tertiary) interactions 7. First level interactions denote only tetraspanin-tetraspanin
and tetraspanin-partner interactions that are direct in nature and resistant to disruption
by strong detergents. Second level interactions are only resistant to weak detergents and
are formed when tetraspanins further interact by linking primary complexes to each
other. Secondary interactions are at least partially dependent on palmitoylation since the
removal of palmitoylation sites impairs the formation of second level interactions between
integrins and tetraspanins 14. Third level interactions are weak interactions which can
only be detected in the presence of very mild detergents (e.g. CHAPS). Under these mild
conditions third level tetraspanin complexes localize to low density membrane fractions
in a sucrose gradient 15, 16. This model for complex assembly based on a hierarchical
approach allows for very dynamic and adaptable interactions between tetraspanins and
other surface proteins. This model is, however, based on a rather descriptive division and
23
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says little about the functionality of these interactions. This review therefore classifies
tetraspanin interactions based on their function in the formation of the tetraspanin
web; interactions necessary to maintain tetraspanin structure, interactions that support
tetraspanin web formation, interactions that add functional partners to the web, and
interactions that facilitate intracellular events.

Intramolecular interactions
Supporting the structure of tetraspanins
The four transmembrane regions that tetraspanins are named after are vital in determining
the structure of these proteins. Several lines of evidence suggest that the four TMs (20 to
25 amino acids in length) form a tightly packed bundle in the membrane 17, 2. However,
this model is challenged by the first crystal structure of a full length tetraspanin (CD81)
as published by Zimmerman et al 18. A pair-wise packing of TM1 with TM2 and TM3
with TM4 was identified in a cone-shaped conformation wherein the pairs are in close
proximity within the inner leaflet of the membrane and show further separation in the
outer leaflet of the membrane (Figure 1). The results from evolutionary coupling analysis
are consistent with this new model and suggests that TMs of other tetraspanins likely
have a similar conformation 18. Consistent with the idea that proper packing of the TMs
is essential for the entire tetraspanin structure, mutations in TMs were shown to affect
the folding, stability and transport of several tetraspanins, eg. uroplakin 1B 19, CD9 17,
20
, and CD82 21. The molecular interactions enforcing proper packing are thought to be
mediated by two highly conserved features in the TM domains of tetraspanins. The first
is a set of polar residues (Asn, Gln and Glu) in TM1, TM3 and TM4 that are predicted
to stabilize TM packing by polar interactions, hydrogen bonds and/or interactions with
cholesterol 5, 18, 22. The second is a conserved heptad repeat in TM1 and TM2 in which
large hydrophobic residues in one TM are closely packed with small residues in the other
TM 17 (Figure 1).
Next to the TM domains, folding of the EC2 is of particular importance since most
tetraspanin intermolecular interactions are suggested to be mediated through this domain.
Based on the crystal structure of the CD81 EC2 and the conservation of key features in
other tetraspanins, the EC2 was proposed to contain five alpha-helices (A-E) forming a
mushroom-shaped structure that can be divided in a rod-shaped ‘stalk’ region (A- and
E- helix) and a ‘head’ region formed by the B-, C- and D- helix 3 (Figure 1). Whereas the
helical nature of the B- and C- helix were confirmed in a later NMR study, no secondary
structure was found in the region of the D-helix 23. Also, molecular dynamic simulations
suggest that the region of the D-helix (and to a lesser extend the C-helix) is extremely
flexible 24. We will therefore refer to the region of the D-helix as the D-loop. Apart
from the D-loop, the ‘head’ region has a rather defined structure. Structural integrity of
the ‘head’ is mediated largely by the tetraspanin-wide conserved CCG motif that forms
two disulphide bridges with two cysteine residues located at relatively fixed positions
elsewhere in the EC2. These disulphide bridges were observed in both crystal structures
and in an NMR structure of CD81 (EC2) 18, 3, 23, and have been reported to be important
24
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for proper CD81 and CD9 functioning 25, 26. The ‘stalk’ region is relatively rigid due
to hydrophobic interactions and two salt bridges between the A- and E- helix 3. Tight
packing of the A- and E-helix was confirmed by NMR spectroscopy of the CD81 EC2 in
solution 23, and conservation of involved residues suggests that this structural feature is
shared between members of the tetraspanin family 27. A recently proposed third factor
influencing the structure (and thereby interactions with other proteins) of the EC2 is
the binding of cholesterol within the TM region of tetraspanins. Molecular dynamics
simulations on the basis of the full length CD81 crystal structure suggest that lack of
cholesterol results in an extended or ‘open’ conformation of the EC2, whereas the EC2
stays close to the membrane in a ‘closed’ conformation when cholesterol is bound 18.
In the closed conformation, the EC2 is predicted to fold on top of the EC1 which is
consistent with the interactions between both domains suggested on the basis of cryoEM
on uroplakins and modeling of CD81 2, 28. However, an NMR study using soluble CD81
EC1 and EC2 could not detect any interaction, possibly because the full protein-context
is missing 23.
EC2
Bonds and interactions:

C
B
EC1

Cysteine bridges in the EC2
Salt bridges between the A- and E-helix

D

A

Potential interactions:

E

Between EC1-EC2
extracelullar

TM1

TM2
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Hydrophobic interactions between
the A- and E-helix
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Between polar residues in TM1 and 4
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Fig 1: Intramolecular interactions of tetraspanins
Model of the intramolecular tetraspanin interactions involved in the maintenance of its structure. The
conformation of the large extracellular loop (EC2) is stabilized by salt bridges and hydrophobic interactions
between the A- and E-helix in the ‘stalk-region’ and covalent cysteine bridges in the ‘head-region’ (B-,C- helix
and D-loop). The conformation of the EC2 may also be stabilized by interactions with the small extracellular loop
(EC1) under certain conditions. Inside the membrane, proper packing of the transmembrane domains (TM1-4) is
assumed to be mediated by interactions between conserved polar residues in TM1, 3 and 4, which may be direct
or indirect via the binding of cholesterol. Of note, the presence or absence of cholesterol is suggested to result in
two different conformations of the tetraspanin, which are not visualized in this figure. Tight packing of TM1 with
TM2 is facilitated by large and small residues opposing each other in a conserved heptad repeat motif.
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Whereas the TM region and the EC2 of tetraspanins have a rather defined structure, little
or nothing is known about structural elements in the remainder of the protein (EC1,
cytoplasmic-tails and -loop). Thus, intramolecular interactions in the TM and EC2 region
of tetraspanins support their overall structure and set the stage for intermolecular proteinprotein interactions.

Tetraspanin-tetraspanin interactions
Promiscuous and specific interactions underlie tetraspanin web formation
The first eras of tetraspanin research resulted in a model in which tetraspanins interact
promiscuously (and mostly heterotypic) and extensively amongst each other to form the
tetraspanin web 29. This model, which was primarily based on immune precipitation (IP)
studies, was recently challenged by studies based on chemical crosslinking and super resolution
microscopy showing that several tetraspanins have a preference for specific homotypic
interactions 30, 31. The observations on which both models are based suggest two modes of
tetraspanin-tetraspanin interactions: promiscuous interactions and specific interactions.
An important mediator of promiscuous interactions is palmitoylation of cytoplasmic
cysteine residues that are present in all known tetraspanins. The contribution of this reversible
post translational modification was first recognized in 2002 for tetraspanin-tetraspanin
interactions of CD9 and CD151 32, 33, and was subsequently observed for CD9 34, CD81 35,
CD82 36, and CD63 37. From these studies a model arises in which the tetraspanin web as
a whole is supported by constitutive palmitoylation, whereas induced (de) palmitoylation
can facilitate the plasticity needed to react to different stimuli 38. Next to palmitoylation,
also cholesterol supports promiscuous tetraspanin interactions, probably in a palmitoylation
dependent manner 10, 39. Gangliosides are a third membrane component suggested to be
involved in promiscuous tetraspanin-tetraspanin interactions as is proposed for CD82 and
CD81 40, 41, 24. (Figure 2A)
A potential tetraspanin domain involved in more specific interactions was identified when
the CD81 EC2 crystal structure was found to be a dimer with an important role for the A-,
and to a lesser extend B- and E-, helices in the interaction area 3. Although the dimeric nature
of the CD81 EC2 was confirmed in subsequent studies and the amino acids predicted to be
important for dimerization could be confirmed in a random mutagenesis study, the same
mutations had little or no effect on dimerization of the complete CD81 molecule 25, 23. Also
arguing against the importance of this proposed dimerization domain in the complete protein,
is the fact that the position of the termini of both monomers hardly allows fitting of the TM
domains into this homodimer model.
Another dimerization domain was identified using disulfide crosslinking which was used
to map the homodimeric interface of CD9 to the TM1 and TM2 domains 17. Although the
authors showed that CD9 molecules interact amongst themselves via this domain, they did
not test dimerization with other tetraspanins and thus did not determine the specificity for
homotypic interactions. In fact, the high conservation of TM domains among tetraspanins
makes it more likely that they are involved in promiscuous rather than specific tetraspanintetraspanin interactions.
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Fig 2: Intermolecular interactions of tetraspanins
Models showing the different intermolecular interactions tetraspanins are capable of, which together shape
the tetraspanin web. A) Tetraspanin-tetraspanin interactions can be mediated by, and are probably a sum of,
palmitoylation, cholesterol and gangliosides, and direct protein-protein interactions between TM1 and TM2
or the D-loops of different tetraspanins. The D-loops are suggested to mediate specificity to tetraspanintetraspanin interactions, whereas the other modes of interaction are likely of a more promiscuous nature. B)
Most tetraspanin-partner interactions are assigned to the EC2, although the precise interaction domain often
remains elusive. A small selection of partner proteins binding the EC2 is boxed on the left. The role of the
N-glycosylation sites that are present on the EC2 of many tetraspanins (the position in this figure is random),
and the role of the EC1 in tetraspanin-partner interactions is a largely unexplored area. Tetraspanin-partner
interactions can also be aided by palmitoylation, cholesterol and gangliosides. C) Tetraspanin interactions with
cytoplasmic proteins facilitate intracellular signaling events and are mediated by binding to the N- and C-terminal
tails. Although many cytoplasmic proteins have been shown to interact with tetraspanins, direct binding to a
specific tail has only been shown for a few of these proteins. The C-terminal tail of many tetraspanins contains
an endocytosis motif, a PDZ-binding domain and, arguably, some tetraspanins may harbor ITIM/ITAM-like
domains which allow them to participate directly in signaling.
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A third domain that could account for specific homotypic interactions was identified
when the D-loop of the CD81 EC2 was shown to be required for its recruitment into
CD81 clusters on the plasma membrane and sufficient to recruit other tetraspanins
into these clusters 42, 43. In the same study a palmitoylation-deficient CD81 and an ABhelix deletion mutant were also tested, but these had a far less pronounced effect on
CD81 recruitment into domains. Thus, the D-loop seems to be a good candidate for
specific interactions, also given its high flexibility and high variety between tetraspanins
(Figure 2A). A follow up molecular modeling study suggests that the high flexibility of
the D-loop in the otherwise relatively stiff EC2 domain allows tetraspanins to ‘probe’
the surrounding area for interaction partners 24. The same model also suggests that
when a specific interaction partner is found, more promiscuous binding factors, such
as palmitoylation or gangliosides, further stabilize the interaction allowing formation
of larger clusters. Whether the modeled interplay between promiscuous and specific
interactions among tetraspanins indeed underlies formation of a tetraspanin web with
predominantly homotypic tetraspanin-tetraspanin interactions remains to be confirmed
in wet laboratory experiments, but this model is at least consistent with the current
knowledge on these interactions.

Tetraspanin-partner interactions
Adding functional partners to the tetraspanin web
The function and structure of the tetraspanin web is based on the ability of tetraspanins to
form lateral associations with their partner proteins in order to influence their interaction
capacity and function. Tetraspanins are known to interact with many partners including
integrins (α3β1, α4β1 and α6β1), CD19, EWI-2, MHC complexes, CD4 and CD8 44,
45, 46, 47, 48
. The adeptness of specific tetraspanins at binding selective partner proteins
indicates that a high level of variability must exist between tetraspanins. Comparisons
between sequences of different tetraspanins have pinpointed the large extracellular loop
(EC2) of tetraspanins as the most variable domain 27.
Interactions between the EC2 and partners have been reported for numerous
tetraspanins, one of the best characterized is the interaction between tetraspanin
CD151 and integrins (Figure 2B). CD151 has been demonstrated to bind very strongly
to the α3β1 integrin under stringent detergent conditions, and is highly specific and
stoichiometric 49. Furthermore, this interaction was shown to be mediated by the variable
head region of the EC2 domain since mutation of these residues left CD151 unable to
bind either integrins or other tetraspanins 50. Though the interaction between the head
region of the EC2 domain of tetraspanins and their partners has long been proposed to be
the paradigm, recent findings indicate that integrins are also able to strongly bind to the
stalk region of the EC2, revealing the need for more in depth look at these regions with
respect to tetraspanin-partner interactions 51. The ability of tetraspanins to bind partners
may also be influenced by the conformation of the EC2. Recent findings by Zimmerman
et al. indicate that the EC2 is capable of undergoing a conformational change depending
on binding of cholesterol to the intramembrane pocket. The authors further suggest
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a relationship between EC2 conformation and CD19 interaction and expression, which
indicates a possible mechanism by which the EC2 could modulate its binding to partner
proteins 18. Furthermore, recently it has been shown that the EC2 of certain tetraspanins
(tetraspaninC8 family members) can interact with the same partner (ADAM10) by distinct
mechanisms and thereby differentially affect function of this partner protein 52.
The EC2 of most tetraspanins is N-glycosylated, however the functional implications of
this glycosylation remain largely unknown 53 (Figure 2B). A few studies provide evidence
that N-glycosylation is able to modulate the binding capacity of tetraspanins to partner
proteins. For example, N-glycosylation of CD82 was shown to regulate adhesion and
motility of cells through their interaction with α3 and α5 integrins 54. Furthermore, the
interaction between tetraspanin CD63 and CXCR4, leading to the down-regulation of this
chemokine receptor, is regulated by N-linked glycosylation sites in CD63 55. Given the high
prevalence and large size of the glycosylation found on tetraspanins it seems likely that many
of the interactions assigned to EC2 are affected, and maybe even mediated, by glycosylation
of this domain. The possible role of glycosylation in tetraspanin function is supported by the
reported variability in glycosylation of tetraspanins in cancer cell lines 56, 57.
Although the EC2 is the most variable part of tetraspanins, the EC1 also displays
quite some variability which may lend itself to mediation of tetraspanin-partner
interactions. So far, no experimental evidence has been presented to support this notion,
but phylogenomic analysis of intron/exon structure shows that the EC1 contains 46%
of new intron insertions despite only accounting for 10.5% of the total protein length
58
. This appearance of evolutionary novelty in the EC1 loop (which is also found in the
variable head region of the EC2) may support its possible role in defining the specificity
of tetraspanins for their partner proteins.
So far, we have primarily focused on direct protein-protein interactions , but it
should be noted that other membrane constituents also contribute to tetraspanin-partner
interactions, including membrane cholesterol, gangliosides and palmitate moieties
(Figure 2B). Cholesterol has been shown to directly interact with tetraspanins and has
been proposed to play a role in the stabilization of tetraspanin interactions 39. A role for
palmitoylation in tetraspanin-partner interactions became apparent when palmitoylationdeficient β4 integrins were found to be less able to associate with tetraspanins including
CD9, CD81 and CD63 14. It has also been shown that palmitoylation is required for the
interaction between EWI-2/EWI-2wint with CD81 and CD9 59. In addition, interactions
aided by palmitoylation have functional consequences as demonstrated by Berditchevski et
al. who showed that palmitoylation of tetraspanins is essential for recruitment of partners
to the tetraspanin web, and modulates the function of these partners 32. Gangliosides
are also suggested to be involved in tetraspanin-partner interactions as depletion of
gangliosides was shown to affect the interaction between CD82 and its partners 41.
Furthermore, ganglioside GM3 has been found to interact with CD9, which is involved
in down-regulation of tumor cell motility 60. From the above it can be concluded that
cholesterol, gangliosides and palmitoylation are able to assist in both the stabilization and
function of the tetraspanin web.
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Taken together, tetraspanin function is defined by its ability to bind specific partner
proteins and thereby influences cell function. Thus far most studies suggest that the
EC2 is primarily responsible for interactions between tetraspanins and partners, though
the influence of other membrane constituents and protein modifications should not be
overlooked in this process.

Cytosolic tetraspanin interactions
Regulating intracellular signaling
Tetraspanins not only organize their partner proteins in the plasma membrane, but they
are also often involved in protein organization in the cytoplasm beneath the tetraspanin
web thereby facilitating intracellular signaling processes. The idea that the tetraspanin
web can function as a membrane scaffold for intracellular signaling arose when cytosolic
protein kinase C (PKC) was found to associate with tetraspanins after PKC translocation
to the plasma membrane upon PMA stimulus 61. Subsequently, many associations between
tetraspanins and signaling molecules have been described, e.g. with Ras, Rac, 14-3-3
and SOCS3, though the protein domains involved in these interactions often remained
unstudied 13, 62, 63, 64.
Downstream signaling processes initiated at the tetraspanin web can, in principle,
be mediated through interactions between cytoplasmic signaling proteins and the
intracellular loop or the N- and C-terminal tails of tetraspanins, but so far only few
examples of this have been shown (Figure 2C). The relatively short (4-40 amino acids for
most tetraspanins) cytoplasmic extensions of tetraspanins are assumed to be flexible and
show little conservation between different tetraspanin family members 5 which enables a
range of tetraspanin specific interaction partners. For many of the reported interactions
it is yet unclear whether these are direct or indirect due to limitations of the techniques
used, but novel (microscopy) techniques have increased our ability to distinguish direct
from indirect interactions in live cells. Marked examples of direct interactions include
the interaction between the N-terminal tail of CD53 and PKC-β which is important
for B-cell receptor signaling [Zuidscherwoude and Dunlock under revision], between
the C-terminal tail of CD81 with Rac involved in the regulation of cell motility 64, and
between the C-terminal tail of CD63 and the PDZ domain of syntenin-1 regulating
endocytosis 65. Since a PDZ-binding motif is present in the C-terminal tail of several
other tetraspanins, cytosolic interactions mediated by PDZ domains are probably not
restricted to CD63 7. The importance of intracellular tetraspanin interactions in signaling
processes was nicely illustrated by Termini et al. who showed that CD82-containing TEMs
facilitate the formation of large PKC-α complexes on the inside of the plasma membrane
which enable sustained PKC activation 66.
Next to facilitating intracellular signaling through recruitment of cytoplasmic signaling
proteins, tetraspanins can also play a more direct role in signaling as was demonstrated by
Lapalombella et al. They showed that tyrosine residues in ITIM- and ITAM-like domains
in the tails of CD37 are phosphorylated upon ligation with a CD37-directed antibody,
which controls cell death signaling in B cells 67. In line with this, CD37-deficiency affects
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plasma cell survival in vivo through coupling to the Akt kinase signaling pathway 68.
Although other tetraspanin family members may also harbor ITIM/ITAM-like motifs,
their functionality in signaling processes remains to be tested. A more common tyrosinebased signaling motif is the YXXΦ endocytosis motif found in the C-terminal tail of many
tetraspanins (Figure 2C). This motif was shown to be a bona-fide internalization signal
for CD151, Tspan7, and CD82 and is assumed to be a general mechanism for endocytic
trafficking of tetraspanins containing this motif [5][69]. In CD63 a C-terminal lysosomal
targeting signal is present which orchestrates its lysosomal localization 70.
Apart from tetraspanin interactions with signaling molecules, interactions with
the actin cytoskeleton have also long been suspected based on membrane fractionation
experiments 71. For tetraspanins CD9 and CD81 it is now known that this interaction is
mediated by indirect binding with actin-linking ezrin-radixin-moesin (ERM) proteins via
EWI proteins. Moreover, CD81 was shown to directly interact with ERM proteins via its
C-terminal tail 72.
Taken together, the cytoplasmic interactions of tetraspanins are mediated by their
N- and C-terminal tails. These interactions affect intracellular signaling pathways directly
or indirectly, and are important for tetraspanin localization and interaction with the
cytoskeleton.

Concluding remarks and future perspectives
Towards tetraspanin web dynamics
In this review we propose a new classification of tetraspanin interactions based on their
function in the formation of the tetraspanin web rather than their resistance to different
detergents. This classification not only correlates more directly with functionality, but
also allows inclusion of important intramolecular interactions as well as interactions with
non-membrane proteins. The different classes of functional tetraspanin interactions are
not mutually exclusive. In fact, the unique capacity of tetraspanins to unify different
types of interactions underlies their function as important regulators of membrane
organization.
Whereas our view on the interactions and functions of the tetraspanin web is
extending, its dynamics remain largely unexplored. Future research in this direction will
be enabled by novel (super resolution) microscopy techniques that allow visualization
of changes in the size, shape, composition and distribution of the tetraspanin web in
different cell types. We strongly believe that a thorough molecular understanding of
tetraspanin interactions is key to further uncover tetraspanin dynamics and its important
role in normal biology and disease.

31

1

Chapter 1

Acknowledgements
We would like to thank Fleur Schaper and Geert van den Bogaart for their helpful
criticism during the preparation of this review. We apologize to all authors whose studies
could not be included in this review due to space limitations.

Funding
A.B. van Spriel is recipient of a Netherlands Organization for Scientific Research Grant
(NWO-ALW VIDI grant 864.11.006), a NWO Gravitation Programme 2013 grant
(ICI-024.002.009), a Dutch Cancer Society grant (KUN2014-6845), and was awarded
an European Research Council Consolidator Grant (Secret Surface, 724281).

Abbreviations
TM, transmembrane region; EC1, extracellular loop 1; EC2, extracellular loop 2; PKC,
protein kinase C; ERM, ezrin-radixin-moesin proteins; IP, immune precipitation; TEM,
tetraspanin-enriched microdomain

32

Molecular interactions shaping the tetraspanin web

1

33

34

Chapter 2

The development of a model
membrane system to study
tetraspanin (self-) organization

2

Vera-Marie E. Dunlock, Frans Bianchi, Jeroen J. van den Heuvel, Viviana Neviani,
Sjoerd J. van Deventer, Jan B. Koenderink, Piet Gros, Annemiek B. van Spriel.
Manuscript in preparation

35

Chapter 2

36

The development of a membrane model system to study tetraspanin (self-) organization

Introduction
The primary function of the plasma membrane is to form a boundary between the cell and
the external world. This boundary functions as both a barrier, preventing the unregulated
entry or exit of any biologically active molecules, and as an interface through which the
cell communicates with its environment. In 1972, Singer and Nicolson proposed the
fluid mosaic model to explain various observations with respect to plasma membrane
behavior and structure1. According to this model, the plasma membrane is composed
of an oriented bilayer of phospholipids into which proteins are embedded, these two
components are in constant motion which accounts for the dynamic behavior which
has been observed. The discovery of membrane microdomains, which laterally organize
the cell surface, has forced a fundamental change in our interpretation of the Singer
and Nicolson model in recent years. This finding challenges the original assumptions
of the model, which postulated that proteins diffuse freely and randomly in the lipid
bilayer. Cell surface organization by microdomains is vital to efficient and effective
cellular functions, including processes such as signaling, migration, proliferation and
trafficking2, 3, 4. Cell membranes have developed numerous strategies by which to selforganize, including lipid rafts, scaffold proteins, actin- and sugar-binding proteins and
tetraspanins5, 6, 7, 8. Here, we propose a novel method to study fundamental aspects of
membrane organization related to tetraspanins. Tetraspanin proteins exert their function
by forming tetraspanin enriched microdomains (TEMs) also referred to as the tetraspanin
web9. These TEMs, in which tetraspanins and their partner proteins are found, have been
shown to facilitate cellular functions including adhesion, fusion and signaling4, 10, 11, 12.
Tetraspanins remain a relatively understudied protein family, and much of what is known
is based on either cross-linking studies, biochemical studies in which tetraspanins are
removed from the cellular environment, or studies where tetraspanins are depleted or
genetically mutated13, 14, 15. While these techniques present valid and useful methods to
study tetraspanin interactions and their function, they have left a number of fundamental
gaps in our knowledge regarding the formation of TEMs, such as:
1) Do tetraspanins intrinsically self-organize into microdomains when placed in a
membrane, or is this dependent on the presence of specific lipids or other proteins?
•
•
•

Does cholesterol, which has been proposed to play a role in tetraspanin function and
structure, affect TEM formation?16
Are specific phospholipids or sphingolipids required for TEM formation?
Does the introduction of partner proteins fundamentally change microdomain 		
characteristics, such as the size or number of TEMs?

2) Can we identify the specific tetraspanin protein domains responsible for TEM
formation by reconstituting mutated tetraspanins?
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Many of the recent advances made in our understanding of the plasma membrane have
been the result of investigating model membrane systems17. Model membranes are a
tool which can be used to study the biophysical behavior of lipids and proteins in a cell
free system, allowing for complete control over the composition, size and geometry of
the membrane18. A model membrane system allows for the exploration of fundamental
questions regarding TEMs because of the uniquely adaptable nature of these models.
They provide a method with which to study protein-membrane interactions, something
notoriously difficult to do in a cell system due to the lack of tools with which to
specifically identify and label lipids, as well as providing a system in which to study
protein-protein behavior isolated from other membrane factors. There are many different
types of model membranes including suspended lipid bilayers, supported lipid bilayers,
vesicles and nanodiscs19, 20, 21. These models all differ in their stability, sub-membrane
space, ease of protein insertion and method of production. In the work presented here
we make use of the giant unilamellar vesicle (GUV) membrane system. GUVs are ideal
for studying protein movement and microdomain formation by tetraspanins since their
structure does not impede protein movement in the membrane, which has been observed
for membranes built on glass or plastic surfaces lacking sufficient sub-membrane space18.
GUVs have also been extensively and successfully used for imaging which aligns well
with our proposed read-outs, which include fluorescence lifetime imaging microscopy
and fluorescence recovery after photobleaching. Furthermore, any unwanted effects on
tetraspanin proteins of membrane curvature and geometry are excluded since GUVs are
roughly the same size as eukaryotic cells. Though model membrane systems have been
used primarily to study the dynamics of lipids, the reconstitution of membrane proteins
into model membranes provides an opportunity to address fundamental questions related
to membrane heterogeneity and lateral organization.
We and others have shown that the absence of just a single tetraspanin protein is
enough to disrupt immune cell function or to significantly increase the likelihood of
lymphoma development 22, 23.This highlights the vital role of membrane organization
in health and disease and makes knowledge of the fundamental mechanisms underlying
this organization important to our understanding of disease development and treatment.
Here we initiate the development of a model membrane system in which to study the
interplay between tetraspanins, their partners and lipids. Our goal is to develop a tool
which can help address the fundamental open questions related to TEM formation and the
resulting lateral membrane organization.

Materials and methods
Generation of CD9 constructs and baculovirus
CD9 constructs A and B were produced by Genscript and delivered in a pENTR4 plasmid
for gateway cloning. The method for the generation of human baculovirus used by us for the
expression of CD9 construct A and B has been described previously by El-Sheikh et al.24.
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Construct C was designed, subcloned and expressed by transfection in HEK 293 cells by
our collaborator (Prof. P. Gros, Utrecht University). The protein purification process was
identical for all constructs as described below.

Cell culture and transduction
To achieve sufficient protein expression, HEK 293 cells were selected since these cells
are easy to culture and to transduce efficiently using either the Bac-to-Bac baculovirus
system (Constructs A and B) or a transfection system (Construct C). HEK 293 cells were
cultured in DMEM glutaMAX (Gibco) supplemented with 10 % FBS (Greiner Bio-one)
and maintained at 37 °C, 5 % CO2. Cells were cultured until 70-80 % confluency was
reached, at which point they were detached, harvested, re-seeded at 20-40 % confluency
and allowed to attach overnight before addition of the virus and 3 mM sodium butyrate,
which was added to increase transduction efficiency. Cells were cultured for a further 80
hours before being harvested and processed for protein isolation.

Protein purification
After harvesting, cells were spun down, resuspended and homogenized in hypotonic
buffer (HEPES, MgCl2, KCl). Cells were then incubated for 45 minutes on ice and
ultracentrifuged. The resulting pellet was resuspended in hypertonic buffer (HEPES,
MgCl2, KCl, NaCl) and homogenized, followed by a 45 minute incubation on ice
and ultracentrifugation. The resulting pellet was then resuspended in solubilization
buffer (HEPES and NaCl containing 1 % DDM) and homogenized. After a final
ultracentrifugation, buffer (HEPES, NaCl, Imidazole containing 0.03 % DDM) was
added to the supernatant containing a total of 10 mM imidazole and this mix incubated
overnight with nickel sepharose high performance beads (GE healthcare). The next day
the unbound fraction was collected to check for protein loss during incubation. Protein
was then eluted from the nickel column with 250 mM imidazole and fractions were
collected for construct A and B. For purification of construct C only, an EPEA packed
column was added to the nickel column. After nickel elution, construct C protein was
further eluted from the EPEA column using a specific EPEA elution buffer. Samples from
all collected fractions were then run on SDS-page gels to confirm protein content and
assess purity. Relevant fractions were then pooled and concentrated before running on
fast protein liquid chromatography system FPLC (Bio-rad) with size exclusion column,
ENrich SEC 650 10x300 column (Bio-rad). Collected fractions were run on SDS-page
gels to check for protein content and purity. Fractions containing protein were then
pooled, concentrated and frozen in aliquots containing 10 % glycerol.

Western Blot and colloidal blue staining
Samples collected during protein purification were added 1:1 ratio to 2x sample buffer
containing 2-mercaptoethanol and then run on 10 % 1.5 mm SDS-page gel and transferred
onto PVDF membrane. Western blots were blocked in 3 % BSA and 1 % non-fat dried
milk in Tris buffered saline with tween (TBST) and then stained with mouse anti-human
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CD9 antibody (ML-13, BD Pharmingen). Western blot membranes were scanned using
LI-COR Odyssey CLx imaging system and analyzed using Image Studio software. The
same collected samples were also run on SDS-page gels which were subsequently stained
with a colloidal blue staining kit according to manufacturer’s instructions (Thermo
Fisher). These gels were imaged using Bio-Rad Molecular Imager Gel Doc XR system
and evaluated using Image lab software.

Making liposomes and LUVs
Lipids used for liposomes are the following, 16:0-18:1 PC 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (PC), 16:0-18:1 PS 1-palmitoyl-2-oleoyl-sn-glycero-3[phosphor-L-Serine] (Sodium Salt) (POPS) (PS) and cholesterol (ovine wool). All lipids
were purchased from Avanti polar lipids inc. Lipids were mixed in sealable pyrex tubes.
The liposomes used for this project were composed of 20 % PS, 30 % cholesterol and
50 % PC, unless otherwise stated. Once the lipids were mixed, chloroform was added
to the mix to a total volume of 5 mL. A rotary evaporator was used to gently remove
the chloroform from the samples. Once the solvent was removed, KPi buffer (50 mM
K2HPO4 and 50 mM KH2PO4, pH 7) was added to achieve a concentration of 5 mg/mL.
Liposomes were then snap frozen and stored in liquid nitrogen. All of the above steps
were performed under nitrogen stream to avoid lipid oxidation.

Protein reconstitution
Liposomes were thawed on ice and the liposome mixture was then extruded eleven times
using 400 nm filter to make large unilamellar vesicles (LUVs). Concentration was adjusted
to 4 mg/mL with KPi buffer, then a Nanodrop spectrophotometer (Thermo Fisher) (path
length 10 mm, no stirring, 540 nm absorption) was used to measure destabilization of the
LUVs. LUVs were destabilized by slowly adding 10 % triton (in MilliQ) until the value
measured by nanodrop was 60 % of the start value. CD9 portein was then added in the
desired ratio to the destabilized LUVs. Washed SM-Biobeads (Bio-rad) were added to
remove triton. The total amount of SM-Biobeads to be added was 2 μg for each 1 μL of 10
% triton solution used to destabilize the liposomes, these are added to remove detegent.
¼ of the total SM-Biobeads required were added first, the LUVs were then incubated
for 30 minutes at 4 °C on a shaker. Another ¼ of the total SM-biobeads required was
added and the LUVs were incubated for a further 60 minutes at 4 °C on a shaker. A
further ¼ of the total amount of SM-Biobeads was added to the LUVs and the sample
was incubated overnight at 4 °C on a shaker. The next day the last ¼ of SM-Biobeads was
added and the LUVs were incubated for 2 hours at 4 °C on a shaker. Using a syringe and
25 gauge needle the LUVs were aspirated from the mixture and ultracentrifuged. The
pellet was resuspended in KPi buffer, a sample was taken for analysis via western blot and
the remaining LUVs were snap frozen and stored in liquid nitrogen.
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Liposome and protein labeling for imaging
For labeling of the liposomes oregon green dye (Thermo Fisher) or DiD (Thermo
Fisher) was mixed in with lipids prior to evaporation by rotavap step described in
the section “Making liposomes and LUVs”. There were no other deviations from this
protocol for the formation of the labeled liposomes. Once the labeled liposomes were
formed, the protocol for protein reconstitution was followed as described above until
ultracentrifugation step was reached. Prior to ultracentrifugation the proteins were
stained with cyanine5 amine (Abcam) or with Alexa fluor 488 NHS ester (Thermo
Fisher) and incubated for 1 hour on ice. The LUVs were then ultracentrifuged twice in
order to remove unbound dye, and the LUVs were resuspended in KPi buffer containing
2 mM sucrose. Samples were taken from supernatants for western blot analysis to assess
protein loss after reconstitution, the remaining LUVs were snap frozen and stored in
liquid nitrogen or immediately used for GUVs.

Making and imaging GUVs
A microscope slide was cleaned with isopropanol and dust free optical lens tissue. A 2
μL drop of liposomes containing CD9 was placed on a cleaned slide and allowed to dry
under vacuum. Once the drop was dried, another 2 μL drop was placed on top of the
previous one and allowed to dry, which is done to increase the concentration of GUVs.
This was repeated until a total of 8 μL had been allowed to dry on this microscopy slide.
The LUVs were then allowed to swell into GUVs by the addition of 6 μL of MilliQ,
followed by the addition of a further 10 μL. The MilliQ and liposomes were mixed
thoroughly by pipetting. This volume of GUVs was then transferred to a clean coverslip
in the center of a rectangular spacer, which was placed in order to confine the sample
without compressing the GUVs. The coverslip was then flipped onto a clean microscopy
slide and used for imaging. Images were made using an SP8 confocal microscope
equipped with a 63× water 1.2 NA objective (Leica) using appropriate laser lines and
settings. All image analyses were performed using Fiji software.

Results
Experimental design and production of CD9 constructs
The design of this research project is outlined in Figure 1A, where we present a general
overview of the steps required to achieve tetraspanin incorporation into our model
membrane system. These steps include the large scale expression and purification
of tetraspanin proteins, production of liposomes, reconstitution of tetraspanins
into liposomes, and the eventual swelling of these liposomes into giant unilamellar
vesicles (GUVs). The starting point is the expression, isolation and purification of our
tetraspanin of interest, CD9. The choice was made to use mammalian expression system
in order to maintain the capacity for post-translational modifications which have been
shown to be important for TEM formation25.
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The coding sequence of CD9 was used as the basis for construct design. For constructs
A and B the choice was made to add a SNAP tag which can be used for specific labeling
either at the N- or C-terminus for construct A and B respectively, as well as a His tag for
purification purposes located at the C-terminus (Figure 1B). Between CD9 and the SNAP
tag, a specific amino acid sequence was added, which can be recognized by the Tobacco
Etch Virus (TEV) protease. The addition of this TEV cleavage site allows removal of the
SNAP and His tags from the constructs and thereby provides a means for determining the
orientation of the protein once reconstituted into liposomes26. Construct C was designed
to contain an EPEA tag fused to a His tag, which allows for a double purification leading
to more homogenous and pure protein fractions, though this construct lacks a domain for
specific dye labeling and cleavage by TEV protease (Figure 1B).
In addition to protein production, the formation of liposomes from which LUVs and
GUVs containing protein can be made, is also vital to the success of this model system
(Figure 1A). To this end, a lipid mixture was created which, though very simplified,
represents a rudimentary average mammalian plasma membrane in terms of major
constituents and their relative ratios27, 28. This mixture was used for the production of
liposomes, which were formed by chloroform evaporation using a rotavap system.
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Figure 1. The development of a model membrane system to study tetraspanins.
(A) shows a schematic overview of the proposed method for the production of GUVs containing tetraspanin
proteins, using CD9 protein purified from transduced HEK cells. (B) an overview of the constructs created and
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used for the production of CD9 protein. Construct A consists of CD9 flanked at the N-terminus with a TEV
cleavage site, followed by a SNAP- and a His-tag for labelling and purification respectively. Construct B is the
mirror of construct B with the TEV, SNAP and His located at the C-terminus of CD9. Construct C features the
CD9 protein flanked at the C-terminus with both an EPEA and His tag for purification.(C) Western blot showing
CD9 expression in lysates of HEK 293 cells 72 hours after transduction with three different viruses encoding for
wither Constuct A (A-1, A-2 and A-3)or B (B-1, B-2 or B-3). Baculovirus encoding for EYFP was also transduced
into the same HEK 293 cells as a technical control, this control is indicated in the western blot as “EYFP”.

HEK cells can be transduced with CD9 constructs
For constructs A and B an initial test transduction was performed to verify the expression
of CD9. To this end, three different viruses were tested for both the N-terminally tagged
construct A and the C-terminally tagged construct B (Figure 1B). HEK 293 cells were
transduced with the baculovirus vectors and sodium butyrate was added in order to
enhance the efficiency of transduction. As a technical control, cells were also transduced
in parallel with a vector encoding for EYFP. 80 hours post-transduction, HEK 293 cells
were harvested and a sample was taken from each transduction for western blot analysis.
The western blot membrane was probed for human CD9 and all six of the viral vectors
tested showed visible bands a little above the 37 kDa marker band. This aligns with
expectations for the size of the CD9 constructs used, which are larger than CD9 (24-27
kDa) due to the addition of the SNAP tag (Figure 1C). Since the protein expression did
not differ significantly between the transductions, construct A-3 was selected arbitrarily
for initial large scale transduction and purification.

CD9 can be purified from HEK cells
For the initial large scale purification of CD9, a large volume of HEK 293 cells were
transduced and 80 hours post-transduction the cells were harvested. A sample was taken
at harvest, resolved by western blotting and probed for CD9 to determine whether the
transduction was successful before continuing with the purification process (Figure 2A).
As shown, there is a clear band present on the western blot membrane at the expected
height in the sample taken from the transduced HEK cells. Once the transduction was
confirmed to be successful, we proceeded with large scale purification. Through the use
of hypotonic, hypertonic and solubilizing buffers and repeated ultracentrifugation steps,
CD9 protein was extracted from the HEK 293 cell membranes. Western blot samples
were taken at each of these steps to determine whether CD9 protein was lost at any of
the purification stages. Extracted CD9 protein was then purified from the total protein
mixture, with samples taken from each eluted fraction to check the CD9 content. The
fractions in which CD9 protein was detected were pooled, concentrated and subsequently
run on a fast protein liquid chromatography (FPLC) system with a size exclusion column
(SEC) in order to obtain a purified protein fractions, again here samples were taken
from each collected fraction for western blot to confirm CD9 content. All collected
fractions were subjected to SDS electrophoresis, transferred and membranes probed for
CD9 (Figure 2B). Supernatants taken prior to solubilization (lanes 2 and 4 of Figure 2B),
do not contain detectable levels of CD9. The pellets after ultracentrifugation (lanes 1 and
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Figure 2. Purification of CD9 protein from transduced HEK cells.
(A) Western blot shows sample taken from HEK cells 72 hours after transduction with construct A, the membrane is stained for CD9 and a band is observed at the expected height
(indicated by arrow). (B) Western blots showing the fractions collected during purification of the protein from HEK cells (construct A), membranes were stained for CD9 and a band
is observed at the expected height (indicated by arrow). Lane 1: pellet 1st ultracentrifugation, lane 2: supernatant 1st ultracentrifugation, lane 3: pellet 2nd ultracentrifugation, lane 4:
supernatant 2nd ultracentrifugation, lane 5: sepernatant 3rd ultracentrifugation, lane 6: flow through O/N incubation of nickel column, lane 7: 4% imidazole wash, lanes 8-18: fractions
collected from nickel column, lanes 19-26: fractions collected from SEC column. (C) Gels stained with colloidal blue to identify protein bands, the layout of the gels is identical to (B).
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3 of Figure 2B), do contain CD9 as well as the supernatant taken after solubilization (lane
5 of Figure 2B). These results indicate that there was minimal loss of CD9 protein during
the purification from the HEK cell membranes. There also seems to be no or minimal
loss of CD9 after overnight incubation with nickel beads (lane 6 of Figure 2B), indicating
that there is successful binding of CD9 to the nickel beads. The fractions collected from
the nickel column (lanes 8-18 of Figure 2B) also show that the elution was successful.
The fractions collected off of the SEC (lanes 19-26 of Figure 2B) confirm that we were
able to purify the protein successfully using this method, providing a source of CD9
protein for the subsequent experiments. In order to assess the purity of all the collected
fractions, samples were also run on SDS-page gels for colloidal blue staining (Figure 2C).
As expected, high background can be observed in the first lanes because these samples
still contain the total protein isolated from the HEK cells. The fractions collected from
the nickel column and SEC are significantly cleaner and show no significant bands other
than the one corresponding to the CD9 protein indicating that we have successfully
purified CD9 from the HEK cells.

CD9 can be reconstituted into liposomes
While the isolation and purification of CD9 from construct A3 described previously was
successful, the yield obtained was too low to be used for protein reconstitution. It was
then decided to proceed using CD9 protein expressed from construct C, which was
isolated in large enough quantities, by the laboratory of Prof. Piet Gros, to perform
protein reconstitution experiments.
In order to reconstitute the CD9 protein, liposomes were extruded to create LUVs.
These LUVs were then destabilized using a detergent solution and the purified CD9 was
added in multiple ratios to the destabilized LUVs in order to determine the optimal
protein to LUV ratio. The protein to LUV ratios tested were 1:50, 1:200 and 1:1000
(weight/weight). The results show that there was detectable CD9 in the LUVs indicating
that the reconstitution was successful (Figure 3A). However, there seemed to be some
protein loss for the 1:50 ratio tested, since the supernatant after ultracentrifugation
contained detectable CD9 indicating that there was too much protein present in this
sample. The 1:1000 ratio tested showed no detectable CD9 in the LUVs, indicating that
this ratio was too low for significant levels of CD9 to be incorporated in the membranes.
The 1:200 ratio was found to be optimal as these liposomes had detectable levels of
CD9 and did not show residual protein in the supernatant, and was therefore used in
subsequent experiments.

Labeling and imaging of CD9 and GUVs
The goal of this part of the project was to image the liposomes containing CD9, since
microscopy will be the main method used to assess interaction between tetraspanin and
subsequent TEM formation. In order to achieve this, we produced liposomes stained with
either Oregon green or with the lipophilic dye DiD and used these liposomes to form
LUVs. CD9 was then reconstituted into these LUVs before being stained with either
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Alexa fluor 488 NHS ester or with cyanine5 amine depending on whether they were
to be added to DiD or Oregon green labeled LUVs. These dyes are able to aspecifically
bind to the amines present in CD9. Samples were taken of both the labeled LUVs
containing labeled protein as well as the supernatants from the ultracentrifugation steps.
These samples were then run on an SDS-page gel for western blot in order to confirm
that the labeled LUVs contained CD9 (Figure 3B). The results indicate that protein
reconstitution into the labeled LUVs was successful though there was some residual
protein in the supernatant after the first ultracentrifugation (Figure 3B). The LUVs where
subsequently allowed to swell to form GUVs, which were then imaged to confirm the
protein incorporation and the success of the labeling procedure. Images shown in Figure
3C depict successful labeling of both the LUVs, with Oregon green dye, and the CD9
protein, with cyanine5 amine dye. These data show that it is possible to label both the
LUVs and the CD9 protein in order to image these GUVs for subsequent experiments
which will allow for the assessment of TEM formation.
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Figure 3. Production of labeled GUVs containing CD9 protein.
(A) Western blot of lysed LUVs containing reconstituted CD9 (construct C), membrane is stained for CD9.
Multiple weight ratios of protein to LUV were tested, as indicated in the figure, and both the pellet and
supernatant after ultracentrifugation were run. (B) Western blot of stained liposomes containing labelled CD9
protein. Samples are of lysed liposomes as well as supernatants from 1st and 2nd ultracentrifugation steps are
shown. Lanes indicated with 1 are derived fromsamples containing DiD stained liposomes and Alexa 488 labelled
protein. Lanes indicated with 2 are derived from samples containing oregon green stained liposomes and cy5
labelled CD9 protein. (C) confocal images takes of GUVs labelled with oregon green and conaining reconstituted
CD9 protein labelled with cy5. Left image provides an overview of multiple labelled GUVs, inset shows one
labelled GUV in green, CD9 protein in purple and a merged image of the two channels.
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Discussion
Tetraspanins are important membrane organizing proteins with vital roles in various
cellular functions. Tetraspanins exert their function by assembling multi-molecular
complexes known as TEMs, which bring together functionally related proteins in
order to facilitate processes like cell adhesion, migration and signaling10, 11, 12. Though
it is clear that the assembly of TEMs forms the basis for tetraspanin function, molecular
characterization of these microdomains is still poor and the most fundamental questions
related to TEM formation remain unanswered29. In particular, questions related to the
self-organizing capacity of tetraspanins and the role of specific membrane lipids in this
process have not been resolved. Here, we propose to study the molecular mechanisms
regulating TEM formation, including lipid-tetraspanin interactions which may govern
microdomain formation, using a model membrane system. Such a system is ideally suited
to this purpose because of its uniquely adaptable nature, which allows for total control
over the size, composition and geometry of the membrane. The work presented here
shows the development of a model membrane system to study fundamental properties of
tetraspanin proteins.
We have demonstrated successful overexpression of tetraspanin protein CD9 in a
mammalian system, and developed a protocol to extract and purify these proteins (Figure
1 and 2). Some optimization is still needed to improve protein yield, which may be
achieved through fine-tuning of the amount of added virus, adjusting the amount of
sodium butyrate, the use of a different (HEK) cell line or simply by scaling up the culture.
It has also been reported that pre-incubation in the presence of the drugs tunicamycin
or thapsigargin enhanced protein expression in this system, this may be worth trying of
the above mentioned measures do not significantly improve yield30. Furthermore, we
have shown that we are able to reconstitute CD9 into LUVs and to subsequently produce
GUVs from these (Figure 3A and 3C). We are, to the best of knowledge, the first to show
reconstitution of a tetraspanin into GUVs. The feasibility of this approach is supported
by other groups that have shown incorporation of multi-spanning proteins, including
transporters and channels with up to 36 transmembrane segments into GUVs31.
We have also succeeded in labeling and visualizing CD9 protein incorporated into the
GUV membrane (Figure 3). The imaging of GUVs is important for follow-up experiments
due to the nature of tetraspanins as organizing proteins. While other multi-spanning
membrane proteins have been studied using model membranes, these have mostly been
channels and transporters, the function of which are relatively easy to assess using simple
techniques based on the natural function of these proteins32, 33, 34. Tetraspanins, on the other
hand, do not have a measurable function independent of their ability to organize themselves
and other proteins. This means, that in the absence of partner proteins whose function is
changed by the presence or absence of the tetraspanin, our only viable read-outs are based
on the visualization of the TEMs themselves. To this end, we will rely on microscopy based
techniques. Fluorescence Recovery after Photobleaching (FRAP) and Fluorescence-lifetime
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imaging microscopy (FLIM) will be used to characterize the TEM assembly in varying lipid
environments. FLIM allows for the detection of nanoscale protein-protein interactions
which underlies the formation of TEMs, providing a direct measure of TEM assembly. On
the other hand, FRAP enables us to study changes in protein mobility, which can be valuable
upon the addition of partner proteins to the model system. Fluorescence cross-correlation
spectroscopy (FCCS) has been previously used to study oligomerization of channel proteins
in a model membrane system, and may be a second viable read-out for our model35. An
alternative method to interrogate these GUVs is freeze-fracture EM (FFEM) which has
been used extensively in the past to characterize protein insertion, and to study protein
clustering in proteoliposomes36, 37, 38, 39.
Though we have been able to reconstitute CD9 and visualize GUVs containing CD9,
we have not yet shown a preservation of functionality. This will rely at least partly on the
correct orientation of the inserted proteins, which can be assessed using the SNAP and
TEV sites built into constructs A and B by adding TEV protease to proteoGUVs in the
presence or absence of detergent (Figure 1B)26. Labeling with antibodies directed against
the extracellular domain of CD9 also provides a means to ascertain protein insertion
and orientation, as does the dual tagging of the intracellular tails. 40. If needed, protein
orientation can be modulated by, for example, changing the membrane composition,
fine-tuning the GUV formation procedure or through the addition of water-soluble
domains, as these have all been shown to affect transmembrane protein orientation in
GUVs41, 42, 43, 44.
The end goal of all of these technical improvements to the model is to study
tetraspanins and the formation of TEMs in an adaptable model system. To date, model
membranes have primarily been used to study proteins-lipid interactions and the effect
of specific membrane lipids on protein function, with protein-protein interactions having
been largely neglected. There are a few studies that used model membrane systems
to investigate protein interactions, for example the integrin-talin interaction and the
oligomerization of voltage-dependent anion channels (VDAC)35, 45. With respect to the
study of membrane microdomains using model membranes, to the best of our knowledge
we are the first to attempt to study the formation of protein-based microdomains using
such a system, though lipid rafts have been extensively studied in similar systems46, 47.
Ultimately, we aim to introduce partner proteins into the model, to investigate possible
changes in TEM formation upon partner binding. Here, adhesion molecules such as
ALCAM or integrins can be selected since these are known to functionally interact with
CD948, 49. Integrins have already been successfully reconstituted into GUVs and have
been confirmed to retain their biological activity in this context50. Aside from proteinprotein interactions, the model presented here provides the opportunity to better study
the relationship between tetraspanins and the lipid environment in which they reside,
which is vital to our fundamental understanding of TEM function. This can supply us with
knowledge required to be able to modulate these microdomains in the future. Given the
established roles of tetraspanin proteins in key processes like cell adhesion and migration,
signaling and cancer development, this is an attractive prospect11, 22, 51, 52. There are
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numerous indications that tetraspanin-lipid interactions are important in TEMs. Firstly,
tetraspanin proteins are quite heavily palmitoylated and this has been proposed to affect
the interaction between the tetraspanin proteins and interaction with some partners25,
53, 54
. Palmitoylation has also been shown to affect the partition of tetraspanin CD9
into TEMs, indicating that palmitoylation is involved in of TEM formation55. Secondly,
tetraspanins have been proposed to directly bind cholesterol16, 56. This is based on the
precipitation of tetraspanin-tetraspanin complexes by digitonin which is able to extract
cholesterol by precipitation56. More recently the crystallization of tetraspanin CD81
has revealed a putative cholesterol binding pocket located between the transmembrane
segments, and the binding of cholesterol to this pocket is proposed to modulate CD81
function16. The depletion of cholesterol has also been shown to affect tetraspanin function
in multiple ways, though these kinds of experiments must be interpreted with caution,
as the removal of such an abundant and vital membrane constituent is bound to have
far reaching implications for many membrane proteins57. Lastly, tetraspanins CD9 and
CD82 has been shown to bind to the gangliosides GM3 and GM2, respectively58, 59. All
of these studies have provided some indication of a regulatory role for lipids in TEM
assembly, though none have managed to concretely establish these relationships. Here,
we present a novel method for the investigation of both the tetraspanin-tetraspanin and
tetraspanin-lipid relationships and show proof of principle experiments establishing the
viability and validity of this model. Our aim is to develop this tool further and include
multiple tetraspanins and partners in the future, in an effort to better understand the
mechanisms regulating TEM assembly and function. Additionally, this work contributes
to the development of new methodologies to study the relationship between other
transmembrane proteins using model membrane systems, which remain underdeveloped
despite the obvious importance of these proteins in cell function.
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Introduction
The ability of immune cells to adhere to one another, and to extracellular matrix
(ECM), is vital to the function of the immune system. Immune cells, which are essential
to our defense, rely on adhesion to underpin processes like development, chemotaxis,
extravasation and activation1, 2, 3, 4. When immune cells are not able to form these adhesive
relationships, this can result in immunodeficiency and auto-immunity5, 6, 7. For instance,
patients with leukocyte adhesion deficiency (LAD) carry inherent genetic defects caused
by mutations in genes coding for adhesion receptors (integrins, selectins) and suffer from
recurrent infections as result of inability of immune cells to extravasate and reach sites
of infection6.
B cells are an important component of the adaptive immune system, playing a vital
role in the humoral immune response by producing specific antibodies which can lead
to the neutralization, phagocytosis, cytotoxicity or complement mediated killing of
pathogens or infected cells8. In order for B cells to fulfil their central role in the adaptive
immune response, they must be able to find and present antigens, interact with helper T
cells, proliferate and differentiate. All of these processes take place in distinct areas within
the lymphoid compartment, meaning that B cells are heavily reliant on their adhesional
and migrational capacity in order to function properly. For example plasmablasts rely on
the migration to the bone marrow for final differentiation and long-term maintenance
of humoral immunity9, 10. Thus, impairment in the adhesive capacity of B cells results in
reduced B cell fitness in germinal centers and altered cell function and localization due
to migrational difficulties11, 12, 13.
Cell adhesion is dependent on cell adhesion molecules (CAMs), which enable cells to
bind to one another and to the extracellular matrix (ECM), allowing for the maintenance
of tissue architecture and integrity as well as for the creation of force and movement
by the cell 14. Adhesion molecule families include selectins, cadherins, immunoglobulin
superfamily CAMs (IgCAMs), proteoglycan receptors, and integrins15, 16.
Selectins are a family composed of three carbohydrate-binding proteins (L-selectin,
P-selectin, E-selectin) involved in cell-cell adhesion17. L-selectin is specifically expressed
on leukocytes where it is essential for the rolling step during leukocyte extravasation18,
19
. In epithelial and endothelial tissues, the cadherin family is responsible for the adhesion
between neighboring cells in a homotypic manner20. Langerhans cells have been found
to express E-cadherin, while expression of cadherins on other immune cells is not
well-described though some lymphocyte subsets might express other cadherins 21, 22, 23.
IgCAMs belong to a large and diverse protein family able to mediate both cell-cell and
cell-ECM interactions14. The IgCAM family contains different sub-families known to
be important in immune cell function, including the intercellular adhesion molecules
(ICAMs, ligands for integrins) and the CD2 family24, 25, 26. Proteoglycan receptors are
signaling co-receptors which can also function as structural adhesion molecules15. Some
members of this family, including CD44 and syndecan-4, are known to modulate immune
cell adhesion27, 28.
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Lastly, integrins are widely expressed heterodimeric adhesion molecules, consisting of
an α and β subunit, which primarily interact with the components of the ECM, acting as
linkers between the ECM and the cytoskeleton as well as behaving as mechanosensors29,
30
. Many integrins are expressed on immune cells, where they function in stabilization of
the immunological synapse between T cells and antigen presenting cells, phagocytosis,
and in leukocyte extravasation31, 32. The adhesional capacity of integrins is dependent
on both their affinity for the extracellular ligand, and the avidity of the integrin. The
affinity of integrin heterodimers is the direct result of integrin conformation. In a resting
state, integrins are only able to bind ligands with a low-affinity. Upon activation of the
cell, signaling induces changes in the integrin conformation leading to a higher affinity
state, this is known as inside-out signaling33. This is followed by the so-called outside-in
signaling, occurring as a result of ligand binding and integrin clustering, which in turn can
trigger cellular responses such as, proliferation, migration and cell spreading34. Avidity of
integrins is dependent on clustering, as valency relies on receptor density and mobility of
both the integrin and ligand35. Over the last years it has become clear that adhesion is not
only dependent on the surface expression of CAMs, but that the specific spatio-temporal
organization of these proteins on the surface determines functional adhesion36, 37, 38, 39,
40
. Examples include, integrin-based platforms which have been found to be required
for long-lasting interactions between B cells and antigen presenting cells, and integrin
clusters which behave differently with respect to dynamics depending on localization at
the cell front or rear during cell migration38, 41.
Tetraspanin proteins are central in regulating adhesion molecules by affecting
their surface distribution42, 43. Tetraspanins are a family of surface organizing fourtransmembrane proteins which have been found to be involved in many vital cellular
functions, including migration, adhesion, fusion, and signaling44, 45, 46, 47, 48. Tetraspanins
regulate these processes through their ability to form tetraspanins enriched microdomains
(TEMs), in which they bring together (immune) receptors, enzymes and signaling
molecules in order to facilitate cellular processes49. Tetraspanin function in cell adhesion
has been well established, with several studies providing evidence for the regulation of
integrin function by tetraspanins 50. Tetraspanins have been reported to regulate integrins
by either modulation of integrin signaling, affecting integrin distribution on the cell
surface or by directing trafficking of integrins50, 51, 52.
B cells express different tetraspanins, including the immune-specific tetraspanins
CD37 and CD53, both of which have been implicated in cell adhesion52, 53. Our group
has previously established that the absence of CD37 on B cells impairs the mobility and
clustering of integrin α4β1 (VLA-4) resulting in impaired humoral immune responses54.
The contribution of CD53 in B cell adhesion remains to be elucidated but antibody
cross-linking experiments on both B cells and natural killer (NK) cells implicate CD53
function in the regulation of αLβ2 (LFA-1) and other adhesion molecules53, 55.
In order to better understand the role of CD53 in immune cell adhesion, we
created different CD53-knockout human B cell lines using CRISPR/Cas9 technology.
This resulted in a striking phenotypic change, with CD53-knockout B cells exhibiting
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pronounced homotypic clustering, which was not seen in the parental cell line. Our
findings confirmed that this clustering phenotype was present in primary murine B cells
as well. Additionally, we present evidence that the integrins β1 and β2 are involved in the
increased adhesion and clustering observed in CD53-negative B cells.

Materials and Methods
Antibodies and cell dyes
The following antibodies and cell dyes were used: mouse anti-human CD53 (MEM-53,
Biorad), mouse anti-human CD37 (WR17, made in-house), mouse anti-human CD81 (JS81, BD Pharmingen), rabbit anti-human CD82 (Polyclonal, Serotec), mouse anti-human
CD40 (MAB89, Beckman-Coulter), mouse anti-human CD154 (TRAP-1, BeckmanCoulter), mouse anti-human CD54 (HCD54, Biolegend), mouse anti-human CD58 (1C3,
BD Pharmingen), mouse anti-human, mouse anti-human CD29 (P4C10, Novus), mouse
anti-human CD18 (TS1/18, ThermoFisher), mouse anti-human CD49c (P1B5, Biorad),
goat anti-mouse IgG1 Alexa 488, goat-anti mouse IgG2a Alexa 488, goat anti-rabbit IgG
Alexa 488, F(ab′)2 fragment goat anti-mouse IgG and IgM (Jackson ImmunoResearch).
Matching isotypes were used as negative controls for all flow cytometry stainings. The
following cell membrane and cytoskeleton dyes were used: PKH26 Red Fluorescent Cell
Linker Kit (Sigma-Aldrich), PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich)
and Alexa Fluor 488 Phalloidin (ThermoFisher).

B cell lines
The Epstein-Barr virus–negative human B cell line BJAB is widely studied as a model
for signaling through the BCR56. BJAB cells were maintained in RPMI 1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS; Hyclone), stable glutamine (PAA), and
antibiotic-antimycotic (Gibco).

CRISPR/Cas9
Five guide RNA pairs targeting the first two coding exons of the CD53 gene were designed
using the Massachusetts Institute of Technology CRISPR design tool and subcloned into
the px335 Cas9 vector as described previously57. BJAB cells were transfected with 0.5
μg of each of the two guide RNA plasmids forming a pair and 0.5 μg of pCDNA6 with a
Nucleofector 2b system (Amaxa, Lonza) according to the manufacturer’s guidelines using
program M013 and Mirus nucleofection buffer (Mirus Bio). One day after nucleofection,
transfected cells were selected by 4 days of incubation with blasticidin (25 μg/ml).
Single-cell clones were obtained after 4 days of recovery in medium without selection by
seeding three 96-well plates with a density of 300.000 cells per well. Sixteen to 20 days
later, confluent wells were screened for loss of CD53 protein by flow cytometry (CyAn
ADP, Beckman Coulter) with antibodies directed against the extracellular domain (EC2)
(MEM53, AbD Serotec) or the intracellular C-terminal tail of CD53 (EPR4342(2),
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Genetex). Disruption of the CD53 gene was confirmed by PCR-based amplification of
the region of interest, followed by Sanger sequencing. Both monoclonal cell lines (grown
from a single-cell clone), and polyclonal cell lines (from bulk sorted CD53 negative
cells), were created using this technique. To ensure that factors other than CD53 were
not of influence on the observed phenotype, a wild-type (WT) control cell line was
created by subjecting these cells to the same procedure as described above, but without
the addition of any guide RNAs. This WT was used as the negative control in all the
experiments performed here.

Flow cytometry
Cells were stained to assess the expression of tetraspanins and adhesion molecules on the
cell surface. Prior to staining cells were blocked in PBA (PBS, 1% BSA and 0.05% NaN3)
containing 2% human serum. Unstained cells and isotype samples were taken along as
controls. Fluorescence was measured using FACSVerse flow cytometer (BD-Biosciences).

Clustering experiments
Cells of each cell line were brought to single cell suspension, and were then either left
unstained or stained with fluorescent cell linker kits for PKH67 or PKH26. Cells were
then resuspended at a concentration of 2.5x105 cells/mL and transferred to WillCo dishes
(WillCo Wells), followed by incubation for 5-6 hours (at 37 ˚C, 5 % CO2) until visible
clusters had formed in the CD53-/- cell lines, and images were then made for quantification.

Microscopy and quantification
Images were made using an epifluorescence Leica DMI6000 microscope with a 63× oil
1.4 NA objective, 40x dry 0.70 NA objective, 10x dry 0.3 NA objective, a metal halide
EL6000 lamp for excitation, a DFC365 FX CCD camera (Leica), and GFP and DsRed
filter sets (for PKH67 and PKH26 respectively; all from Leica). Analysis was restricted
to images containing between 15-25 cells, in order to maintain comparability between
conditions and experiments. Images were quantified using Fiji ImageJ software and the
cell counter plugin.

Nearest neighbor analysis
CD53-negative (CD53-/) and wild type (WT) cells were disassociated to a single cell
suspension and stained with two different colored dyes to separate WT and CD53-/- cells.
Next, cells were mixed in a 1:1 ratio and allowed to (re-)form clusters during a 6 hour
incubation, after which images were taken. Images were analyzed using Fiji, segmentation
was applied to the channels containing both WT and CD53-/- cells. Based on the segmentation,
the x and y coordinates of the cell center were determined for each cell in the image, and
these coordinates were used by a custom Fiji plugin to establish the nearest neighbors for
each CD53-/- and WT cell in the image. Each data point in the figure represents the average
distance between cells for all CD53-/- and WT cells within one image.
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EDTA cluster disruption
Cells were prepared as described above with the addition of 5 mM of
ethylenediaminetetraacetic acid (EDTA) to each of the cell lines prior to incubation.
Samples of untreated cells were taken along as a positive control for cluster formation.
Images were taken and clustering was determined in all samples after incubation for 5-6
hours (at 37 ˚C, 5 % CO2).

Antibody blocking
Cells were prepared as described above with the addition of 50 μg/mL of either, antihuman CD29 (β1 integrin), anti-human CD18 (β2 integrin), or both, to each of the cell
lines prior to incubation. Samples of untreated cells were taken along as positive control
and samples treated with 5 mM EDTA were taken along as negative control for cluster
formation. Cells were imaged, and clustering was determined in all samples after
incubation for 5-6 hours (at 37 ˚C, 5 % CO2). Cells were then imaged, and clustering
was quantified.

Primary B cell clustering assay
The Cd53-/- mouse has previously been described46. Resting primary B cells were
isolated from the spleens of Cd53+/+ (wild-type littermates: WT) and Cd53−/− mice by
depleting CD43+ cells with CD43-MACS beads (Miltenyi Biotec). Isolated B cells were
resuspended in WillCo dishes (WillCo Wells) at a concentration of 1x106 cells/mL and
stimulated with 10ug/mL anti-BCR antibody. Cells were incubated for 16 hours (at 37
˚C, 5 % CO2) prior to imaging. Clustering was determined by microscopic imaging and
analyzed using Fiji ImageJ software.

Statistical analyses
All statistical comparisons were made with GraphPad Prism 5 software, and data
are expressed as means ± SEM, SD, or 95 % CI as indicated in the figure legends.
Differences between means were analyzed with Student’s t tests or two-way ANOVA as
indicated in the figure legends. Statistical significance was set at P < 0.05.

Results
Absence of CD53 causes homotypic clustering of human B cells
In order to better understand the role of CD53 in B cell biology, the tetraspanin CD53
gene was genetically knocked-out in the human B cell line BJAB by means of CRISPR/
Cas9 technology. Two different monoclonal and one polyclonal CD53 knockout cell
lines were generated for this study. As shown, both monoclonal cell lines (referred to as
mCD53-/- A, and mCD53-/- B) and a polyclonal CD53-/- cell line (referred to as pCD53-/-)
were observed to form large cell clusters under normal culture conditions, in contrast
to CD53-expressing parental BJAB cell line (WT) (Figure 1A). In order to quantify
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these clusters, images were taken and cells were divided over the following categories:
single cells, or clusters composed of 2 cells, 3 cells, and more than 3 cells. The microscopy
images shown in Figure 1A depict the observed clustering phenotype in all CD53-/- B cell
lines shown by formation of large multi-cellular clusters, which was not observed for the
WT cells. Quantification revealed significant differences in clustering between the WT
and CD53-/- B cells (Figures 1B and 1C). Approximately 80 % of WT cells were observed
to be single cells, the remaining cells were mostly found in 2-cell clusters with very few
cells (approximately 5 %) found to be in clusters of 3 cells or larger. In contrast, in all
three CD53-/- B cell lines, only 40-50 % cells were present as single cells whereas 2040 % of cells were found in clusters of 3 or more cells. These results indicate that the
absence of CD53 leads to significantly more homotypic clustering in human B cells.
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Figure 1. Homotypic clustering of CD53-/- B cells.
(A) Microscopy images showing the homotypic B cell aggregation observed for CD53-/- B cells, but not for WT B
cells. Cells were stained using PKH67 cell dye. (B) Quantification of cell clustering in images taken of WT cells
and monoclonal (mCD53-/- A and B) and polyclonal CD53-/- (pCD53-/-) cells. These images were taken from 3
independent experiments from which 30 images were quantified for each cell line. (C) Alternative representation
of the quantification presented in panel (B), a two-way ANOVA was performed to assess statistical differences,
error bars indicate SEM (*p<0.05, ** p>0.01, *** p> 0.001). Scale bars indicate 15 µm.
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Clusters are formed exclusively between CD53-/- cells
Next, we investigated whether CD53-/- cells form clusters exclusively with other CD53-/- cells,
or if the clusters are also able to incorporate WT cells.To this end, we labeled CD53-/- cells and
WT cells with two different membrane dyes (PKH67 and PKH26, respectively) before mixing
the cells and allowing clusters to form. Interestingly, we observed CD53-/- cells to exclusively
form clusters with other CD53-/- cells and not with WT cells (Figure 2A). A nearest neighbor
analysis (NNA) was performed to determine the average distance between WT cells, CD53/cells, and their distances to each other. We observed the average distance between WT cells
to each other, and to CD53-/- cells, to be significantly higher than the average distance between
CD53-/- cells (Figure 2B). This was consistent for both of the CD53-/- B cell lines tested. The
WT cells did not show different clustering behavior in the presence of CD53-negative cells.
Our results indicate that this cluster formation requires CD53 to be absent on all B cells in the
cluster, since WT cells are excluded from these clusters.
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Figure 2. Clusters are formed exclusively between CD53-/- cells .
(A) Microscopy images showing that the homotypic B cell aggregation observed was only between CD53-/- B cells
(PKH67 dye), WT cells (PKH26 dye) were not included in the formed cell aggregates. (B) Graphs show the result
of the nearest neighbour analysis performed for two different CD53-/- cell lines. Upper graph represents results for
mCD53-/- A, lower graph represents results for mCD53-/- B. Nearest neighbour (NN) distance was established between
CD53-/- cells, between WT cells, and between CD53-/- and WT cells. Each data point represents the average distance
of all the WT or CD53-/- cells in one image. Gray bar represents range of distances denoting adhered cells. Results are
from 3 independent experiments, a minimum of 30 images are included per condition. unpaired t tests were performed
to establish statistical significance, error bars indicate SEM (**** p> 0.0001). Scale bars indicate 15 µm.
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Figure 3. Expression of tetraspanins and actin in WT and CD53-/- B cells.
(A) Graphs show the surface expression of tetraspanins CD53, CD37, CD81 and CD82 as measured by flow
cytometry on WT and CD53-/- B cell lines. Dashed lines represent the unstained samples, light gray represents
the isotype stained samples and dark grey represents the tetraspanin stained samples. Most right graph in each
row summarizes the expression of the tetraspanin over the four cell lines tested. Geometric MFI is indicated
for the measured tetraspanin in each graph. Representative results shown, experiment was repeated 3 times
with consistent results. (B) Graphs show the result of F-actin staining as measured by flow cytometry for both
primary murine B cells and human BJAB cell lines. For the human cell lines, WT is shown as a black line, while
the two CD53-/- cell lines tested are represented by the light gray and dashed lines. For the murine samples, WT
is represented by the black line and Cd53-/- is represented by the light grey line. Representative results shown,
experiment was repeated 3 times with consistent results.

The characterization of adhesion molecules on CD53-/- cells
In order to better characterize the CD53-/- B cells and elucidate whether any potential
alterations in other membrane molecules could be responsible for the phenotype, the
expression of tetraspanins CD53, CD37, CD81 and CD82 was assessed and compared
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to the parental B cell line. No significant differences were seen in the expression of
any of these tetraspanins except for CD53 (Figure 3A). Additionally, we quantified the
amount of F-actin in both murine and human WT and CD53-negative cells, and detected
no differences between the WT and CD53-/- B cells (Figure 3B).
To study whether aberrant expression of adhesion molecules may underlie the
observed adhesion defect, the membrane expression of numerous adhesion molecules
belonging to the different CAM families was determined using flow cytometry. No
consistent differences were observed in the expression of integrins β1, β2 and α3 between
WT and CD53-/- cells (Figure 4A). Similarly, no consistent differences were observed in
the expression of several IgCAM adhesion molecules (CD2, CD58 and CD54) between
WT and CD53-/- cells (Figure 4B), and leukocyte specific L-selectin was not detected
all B cell lines (Figure 4C). It has been reported CD40 and its ligand CD154 are able to
mediate homotypic B cell adhesion58, 59, in light of this, we also measured the expression
of these molecules on the surface of the WT and CD53-/- B cell lines. No significant
differences were seen in the expression of CD40 between WT and CD53-/- B cells, and all
cell lines were found negative for CD154 (Figure 4D).
Based on these results, we conclude that the absence of CD53 does not clearly affect
the expression of any of the assessed adhesion molecules. However, it is worth noting
that this does not exclude involvement of other adhesion molecules, or alternatively,
differences in their spatial surface organization, which may also influence their function.
Overall, our data suggests that the absence or altered expression of CAMs is likely not
responsible for the clustering phenotype observed in CD53-negative B cells.

Cluster formation is abrogated in the presence of EDTA
The function of many adhesion molecules such as integrins is dependent on the presence
of divalent cations, which are responsible for altering the conformation of adhesion
molecules, allowing for ligand binding60. In order to study whether the clustering of
CD53-/- B cells was calcium and/or magnesium dependent, EDTA was added to WT and
CD53-/- B cells, preceding cluster formation. EDTA is a chelating agent able to sequester
metal ions such as Ca2+. Untreated B cells were used as a negative control and incubated
in parallel. Figure 5A shows representative images taken from both EDTA treated and
untreated WT and CD53-/- B cells and the quantification of the cell cluster formation
is depicted in Figures 5B and 5C. In line with Figure 1, untreated CD53-/- cell lines
formed significantly larger multicellular clusters, in contrast to untreated WT cells that
were mostly found as single cells (Figure 5B). Upon treatment with EDTA the clusters
formed by CD53-/- cells were largely abrogated, although there was still a small significant
difference in the percentage of single cells between the WT cell line and the CD53-/cell lines (Fig.5B). Furthermore, the percentage of cells located in clusters of ≥3 cells
was largely reduced and no longer significantly different between WT and CD53-/- cell
lines. These results were consistent for both monoclonal and polyclonal CD53-/- cell lines.
Together, these findings indicate that the homotypic B cell clustering observed in the
CD53-/- cell lines is dependent on the presence of either calcium and/or magnesium.
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Figure 4. Expression of CAMs on WT and CD53-/- B cells.
(A) Graphs show the surface expression of integrins β1, β2, and α3 as measured by flow cytometry on WT
and CD53-/- cell lines. (B) Graphs show the surface expression of IgCAM molecules CD2, CD54 and CD58 as
measured by flow cytometry on WT and CD53-/- cell lines. (C) Graphs show the surface expression of CD62L
as measured by flow cytometry on WT and CD53-/- cell lines. (D) Graphs show the surface expression of CD40
and CD154 as measured by flow cytometry on WT and CD53-/- cell lines. In all panels dashed lines represent the
unstained samples, light gray represents the isotype stained samples and dark grey represents the integrin stained
samples. Most right graph in each row summarizes the expression of the tetraspanin over the four cell lines tested.
Geometric MFI of staining is indicated per sample in each graph.

β1 and β2 integrins are likely involved in homotypic adhesion of
CD53-negative B cells
Based on the finding that calcium and/or magnesium is required for the clustering of
CD53-negative cells, we hypothesized that integrins may be involved in the process.
Tetraspanins are known regulators of integrin function, and the most widely expressed
integrins on B cells are β1 and β251, 52. To determine whether these integrins were involved
in the homotypic B cell clustering observed in CD53-/- B cell lines, clustering assays
were performed in the absence or presence of anti-β1 or anti-β2 blocking antibodies.
Strikingly, we observed a reduction in the formation of cell clusters by CD53-/- cells after
blocking integrins compared to untreated cells, for both anti-β1 and anti-β2 antibody
treatment (Figure 6A). While no significant increase in the number of single cells was
observed, these antibodies both seem to greatly reduce the amount of large cell clusters
(>3 cells). The number of clusters consisting of 2 or 3 cells was enhanced, compared
to untreated samples, after treatment with anti-β1 or anti-β2 antibodies. The inability
of either single integrin antibody to completely abrogate the cluster formation, while
still reducing the number of large clusters, suggested that both β1 and β2 integrins may
be involved in the cell aggregation of CD53-negative cells. To assess this, both CD53/and WT B cells were disassociated and then allowed to (re-)form cell clusters in the
presence of both β1 and β2 blocking antibodies. We observed, that in the absence of any
treatment (EDTA or integrin blocking), both polyclonal and monoclonal CD53-/- cell
lines formed multicellular clusters, while the WT did not (Figure 6B). The addition of
EDTA, as shown previously, almost completely impeded cluster formation by CD53-/- B
cells. Interestingly, in the presence of anti-β1 and anti-β2 antibodies, CD53-/- cells were
not observed to form any large multicellular clusters such as those seen in the untreated
samples. Quantification confirmed that combined anti-β1/β2 treatment significantly
reduced the number of large clusters (>3 cells) and significantly increased the number
of single cells (Figures 6C and 6D). These results indicate that both integrins β1 and β2
are responsible for the homotypic B cell aggregation observed in the absence of CD53,
as blocking of both integrins resulted in a much larger effect on clustering than blocking
of the single integrins.
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Figure 5. EDTA disrupts the clustering of CD53-/- B cells.
(A) Brightfield images of B cells treated with EDTA or untreated. In the untreated samples (upper row) B
cell aggregation was seen for CD53-/- B cells, but not for WT B cells. In EDTA treated samples (lower row)
no significant clustering was seen for either WT or CD53-/- cells. Circles denote clusters of >3 cells. (B)
Quantification of cell clustering in images of WT cells, monoclonal and polyclonal CD53-/- cells. Images were
from 3 independent experiments, 30 images quantified for each cell line. A two-way ANOVA was performed to
assess statistical differences, error bars indicate SEM (* p<0.05, ** p>0.01, *** p> 0.001). (C) Alternative
representation of the data in panel (B). Scale bar indicates 50 µm.

Cd53-/- primary B cells also exhibit homotypic clustering
To determine whether the observed clustering phenotype was also present in primary
Cd53-/- B cells, we isolated B cells from the spleens of Cd53-/- mice and WT littermates.
Post-isolation, the B cells were stimulated overnight with anti-BCR F(ab’)2 fragments to
ensure cell survival, and clustering was assessed under same conditions used for BJABs.
We observed that Cd53-/- B cells spontaneously formed multicellular clusters, similar
to those seen for the CD53-/- human B cell lines, in contrast to WT B cells that formed
no clusters (Figure 7A). Quantification of this cluster formation confirmed a significant
difference in clustering between Cd53-/- B cells and WT cells (Figures 7B and 7C). The
Cd53-/- B cells showed a significantly lower percentage of single cells compared to the
WT cells, and a significantly higher percentage of clusters consisting of more than 3
cells, compared to the WT B cells. These results demonstrate that the homotypic B cell
clustering phenotype observed was not restricted to the B cell lines, but also present in
primary Cd53-/- B cells.
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Figure 6. The clustering of CD53-/- B cells is mediated by β1 and β2 integrins.
(A) Quantification of images of WT and CD53-/- cell lines, untreated or treated with β1 antibodies, β2 antibodies
or EDTA. 10 images for each condition were analyzed from one independent experiment. (B) Brightfield images
showing the WT B cell line, monoclonal and polyclonal CD53-/- cell lines either untreated (upper row), treated
with anti-β1/β2 antibodies (middle row) or treated with EDTA (lower row). (C) Quantification of clustering in
the images of WT and CD53-/- cells. 20 images were quantified for each condition, these images were from two
independent experiments. (D) Alternative representation of the quantification in panel (B), a two-way ANOVA
was performed to assess statistical differences, error bars indicate SEM (* p<0.05, ** p>0.01, *** p> 0.001).
Scale bar indicates 50 µm.
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Discussion
In recent years it has become evident that tetraspanins are important players in immune
cell function, with roles in immune synapse formation, dendritic cell migration and the
prevention of B cell lymphoma61, 62, 63. CD53 is a severely understudied member of this
protein family and in contrast to many widely expressed tetraspanins, it is restricted
to the immune compartment, with highest CD53 expression found on the surface of B
cells64. Over 20 years ago, it was discovered that the absence of CD53 alone resulted in
increased susceptibility to pathogens, leading to the clinical manifestation of recurrent
heterogeneous infections in patients65. Despite this finding, which strongly suggested an
important role for CD53 in immune cell function, relatively little has been done to study
the physiological implications of CD53 loss in the years since this discovery.
The goal of this research was to investigate the role of CD53 in B cell function. To our
surprise, we discovered that in the absence of CD53, the adhesive properties of B cells
were altered. Both human and murine CD53-negative B cells spontaneously formed large
homotypic clusters in culture, this was not seen for their WT counterparts (Figure 1, 2
and 7). Subsequent experimentation revealed this cell aggregation phenotype relied on
involvement of the integrins β1 and β2 (Figure 6).
Tetraspanins have long been known to associate with integrins although these
interaction have seldom been studied in the context of B cell function50. Main findings
include the discovery that the absence of CD37 impairs α4β1 integrin function through
defective mobility and clustering in plasma cells. In line with this, CD81 regulates the
function of numerous integrins on the surface of B cells by regulating integrin avidity54, 66,
67
. Although it remains unclear how CD53 regulates integrins in B cells, we can speculate
based on published findings about the relationship between integrins and tetraspanins.
There are three mechanisms proposed by which tetraspanins can control integrin
function, namely through the regulation of integrin trafficking, signaling or clustering50.
Mutation of the internalization domain (YRSL sequence) of tetraspanin CD151 was
found to impair internalization of CD151-associated integrins and affect cell motility. In
addition these integrins were found to co-internalize with WT CD151 indicating that the
trafficking of some integrins is controlled through direct interaction with tetraspanins68.
We have found no increase in cell surface expression of β1 or β2 integrins in CD53negative B cells compared to WT cells (Figure 4), suggesting that trafficking and/or
internalization of these integrins is likely not affected by the absence of CD53.
With respect to integrin signaling, a number of tetraspanins including CD9, CD151
and CD53 itself have been linked to intracellular signaling molecules involved in integrin
signaling. For example, expression of tetraspanin CD9 potentiates β1 integrin high
affinity state conformation via a phosphoinositide-3 kinase (PI3K) dependent pathway69.
Additionally, the ectopic expression of CD9 in Raji B cells leads to increased motility
through α4β1 and α6β1 integrins, which was linked to 6-fold increase in tyrosine
phosphorylation in the CD9 expressing cells compared to WT cells70. Similarly, removal
of CD151 was found to reduce tyrosine phosphorylation of focal adhesion kinase,
69
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Src, p130Cas and paxillin upon laminin binding by α3β1 integrin71. CD151 has also
been shown to provide a pivotal link between α3β1 and phosphatidylinositol 4-kinase
(PI4K) which is important for lipid-mediated signaling72. We have reported recently
that CD53 controls the localization of protein kinase C (PKC) in B cells upon B cell
receptor stimulation46. In line with our own findings, numerous tetraspanins, including
CD53, have been found to function as linker molecules, recruiting PKC in order to
phosphorylate integrin partners73. Furthermore, in NK cells, CD53 ligation activates
multiple integrins resulting in homotypic cell adhesion which was associated with PKC
phosphorylation74, 75, 76. Similarly, in rat lymphoma B cells, antibody cross-linking of
CD53 triggered homotypic cellular adhesion, and though the authors did not identify the
adhesion molecule involved, they found evidence of PKC involvement53. This may hint
to a possible PKC mediated mechanism contributing to the clustering of B cells in the
absence of CD53, as PKC is important for inside-out signaling and outside-in signaling
of integrins77, 78, 79, 80.
Lastly, CD53 may be involved in controlling the organization of integrins at the B
cell surface. There is no published data on the involvement of CD53 specifically in such a
process, but other tetraspanins, which can control integrin organization and clustering,
have been identified. For example deletion of CD151 resulted in a marked change in
the distribution of integrin α6β4 leading to reduced basal-like mammary cell migration,
invasion, spreading, and signaling81. Further advocating for a role of tetraspanins in
controlling integrin membrane localization, CD81 and CD37 have both been found to
regulate cell adhesion by changing the spatial arrangement of integrin α482. Additionally,
CD9 has been shown to control clustering of tetraspanins and integrin α6β143. Together
these data provide ample precedent for tetraspanin controlled integrin organization,
which may also be at play in B cells, with CD53 coordinating the clustering of multiple
integrins.
In order to investigate which of the viable proposed mechanisms, integrin signaling
or integrin organization, underlies the homotypic B cell aggregation observed here,
further experiments will be required. Changes in the organization of integrins can be
evaluated relatively easily through advanced microscopy based techniques, including
super-resolution microscopy. Changes in signaling can be measured by assessing the
phosphorylation status of proteins in these CD53-negative B cells compared to WT B
cells. In order to assess the possible role of PKC specifically, the use of PKC inhibitors or
overexpression of PKC may help to elucidate whether these proteins have any role in the
homotypic adhesion of CD53-negative B cells.
Aside from the mechanism, another question which remains to be answered is which
specific integrins are involved in the clustering phenotype observed in CD53-negative
cells, though we have narrowed it down to β1 and β2, this still includes many integrins.
Published studies indicate that αLβ2 (LFA-1) may represent the β2 integrin we have
identified as having a role in the homotypic cell aggregation of CD53-negative cells,
based on the multiple independent reports of regulation of αLβ2 (LFA-1) by CD5355, 74.
As for the β1 integrin involved, α4β1 (VLA-4) is highly expressed on B cells and a key
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player in B cell adhesion, making it a promising candidate83. Interestingly, α4β1 (VLA-4)
has already been identified as a tetraspanin partner, interacting with CD37 and CD81 on
monocytes and murine B cells54, 67. Additional clustering experiments using α integrin
specific blocking antibodies will be required to confirm which α integrins are involved.
Finally, our striking phenotype engenders speculation on what implications this
defect could have in B cell function in vivo. It is already known that CD53 plays a nonredundant role in immune cell function, based on the finding that the absence of CD53
leads to recurrent infections65. The likelihood of B cell involvement in this is quite high
based on the expression pattern of CD53, which favors highest expression on B cells and
the evidence presented by us and others, implicating CD53 absence in B cell dysfunction.
B cell adhesion is important for numerous developmental and functional processes,
such as plasmablast migration to the bone marrow for final differentiation and longterm maintenance of humoral immunity9, 10. Given the importance of adhesion in the
process of B cell migration and extravasation and in the regulation of immune synapse
formation between T and B cells, we hypothesize that CD53 deregulation or absence
may impair these functions. Either of these processes could be partly responsible for the
observed recurrent infections in CD53-negative patients74. Further research will focus
on discovering the exact partner molecules involved and elucidating the mechanism and
functional consequences of CD53 absence on B cells in order to better understand the
specific role of this protein in B cell function.
In conclusion, our findings show that CD53 is involved in the regulation of adhesion
in B cells and that in the absence of this tetraspanin, homotypic clustering is induced.
While the mechanism governing this adhesion regulation remains to be fully elucidated,
our evidence thus far provides novel insight into the role of CD53 in B cell function and
adds to the body of work concerning the modulation of integrin function in B cells.
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Abstract
Activation of B cells by the binding of antigens to the B cell receptor (BCR) requires
the protein kinase C (PKC) family member PKCb. Because PKCs must translocate to
the plasma membrane to become activated, we investigated the mechanisms regulating
their spatial distribution in mouse and human B cells. Through live-cell imaging, we
showed that BCR-stimulated production of the second messenger diacylglycerol (DAG)
resulted in the translocation of PKCβ from the cytosol to plasma membrane regions
containing the tetraspanin protein CD53. CD53 was specifically enriched at sites of
BCR signaling, suggesting that BCR-dependent PKC signaling was initiated at these
tetraspanin microdomains. Fluorescence lifetime imaging microscopy studies confirmed
the molecular recruitment of PKC to CD53-containing microdomains, which required
the amino terminus of CD53. Furthermore, we showed that Cd53-deficient B cells were
defective in the phosphorylation of PKC substrates. Consistent with this finding, PKC
recruitment to the plasma membrane was impaired in both mouse and human CD53deficient B cells compared to that in their wild-type counterparts. These data suggest
that CD53 promotes BCR-dependent PKC signaling by recruiting PKC to the plasma
membrane so that it can phosphorylate its substrates, and that tetraspanin-containing
microdomains can act as signaling hotspots in the plasma membrane.
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Introduction
Protein kinase C (PKC) proteins are serine and threonine kinases that are highly
conserved in evolution, ranging in complexity from a single isoform in yeast to four
isoforms in Caenorhabditis elegans and more than 10 in mammals. PKCs play a major role
in many signaling networks that regulate cell proliferation, differentiation, apoptosis, and
malignant transformation (1). Activation of the conventional PKC isoforms PKCα, PKCβI,
PCKβII, and PKCγ is controlled by the Ca2+-dependent binding of their C2 domains to
anionic phospholipids, as well as by the binding of their C1 domains to diacylglycerol
(DAG). Binding of PKC to DAG and anionic lipids changes the conformation of the
enzyme, which results in release of the pseudosubstrate-like, inhibitory N terminus
from the catalytic site. This leads to local activation of PKC, which enables PKC to
phosphorylate its substrates (2). However, how PKC protein complexes are targeted to
specific sites on the plasma membrane remains elusive.
In immune cells, PKC isoforms are crucial components of antigen receptor signal
transduction pathways (3, 4). In particular, the conventional isoform PKCβ is indispensable
for optimal B cell receptor (BCR) signaling (5). Engagement of the BCR by antigen
results in the phospholipase C γ2 (PLC-g2)–mediated hydrolysis of phosphatidylinositol
(4,5)-bisphosphate [PI(4,5)P2] to generate inositol-1,4,5-trisphosphate (IP3) and DAG.
Cytosolic IP3 releases Ca2+ from intracellular stores, which, together with DAG,
regulates translocation of PKCβ to the plasma membrane where PKC is activated. PKCβdeficient mice are impaired in humoral immune responses (6), and PKCβ inhibitors are
under investigation in clinical trials for patients with B cell malignancies and have shown
pre-clinical activity in chronic lymphocytic leukemia (7, 8). Although PKC-binding
proteins have been hypothesized to recruit PKC isoforms to distinct subcellular regions
(2, 9), the mechanisms underlying the spatiotemporal regulation of PKC at the membrane
have not been resolved.
Specialized membrane microdomains enriched in tetraspanin proteins have been
proposed as a possible mechanism for the organization of signaling complexes at the
plasma membrane (10, 11). Tetraspanins are small (~25 kDa) hydrophobic proteins that
are composed of four transmembrane domains, a small and a large extracellular loop,
and short intracellular C- and N- termini. Tetraspanins associate in cis with membrane
proteins, cytosolic proteins, and other tetraspanins, forming the tetraspanin web (12, 13).
By organizing membrane proteins such as integrins and signaling receptors, tetraspanins are
implicated in diverse cellular processes, including cell adhesion and activation (10, 14, 15).
PKCs are hypothesized to be regulated by tetraspanins, which is supported by biochemical
data showing that tetraspanins can interact with PKC isoforms (16–18). Here, we showed
that upon stimulation of the BCR, PKCβ and the tetraspanin CD53 were specifically
recruited to the BCR. Furthermore, we found that PKC translocation was impaired in both
murine and human B cells lacking CD53, demonstrating that PKC signaling is dependent
on this tetraspanin. Finally, we demonstrated that the interaction between PKCβ and CD53
upon BCR stimulation was likely mediated by the N terminus of CD53.
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Materials and Methods
Antibodies, reagents, and expression constructs
The following antibodies were used: F(ab’)2 fragment goat anti-human IgG, IgM, and IgA
(H+L) (referred to as anti-BCR), ChromePure goat IgG, and F(ab’)2 fragment goat antimouse IgG and IgM (referred to as anti-BCR) were from Jackson ImmunoResearch; antihuman CD55 (143-30, eBioscience), mouse anti-human CD81 (JS-81, BD Pharmingen),
anti-mouse CD151 (455807, R&D systems), anti-mouse CD9 (eBioKMC8, eBioscience),
FITC-conjugated anti-mouse CD53 (OX-79, Biolegend), Alexa Fluor 647–conjugated rat
anti-mouse CD45R (B220) (RA3-6B2, BD Pharmingen), Alexa Fluor 488–conjugated
goat anti-mouse IgG (Invitrogen), allophycocyanin (APC)-conjugated anti-mouse CD19
(eBio1D3, eBioscience), anti-PKC (H-300, Santa Cruz), anti-PKCβII (C-18, Santa
Cruz), anti-Phospho-(ser) PKC substrate antibody (Cell Signalling), anti-Syk (N-19,
Santa Cruz), anti-pSyk (C87C1, Cell Signalling), mouse anti-actin (AC-40, Sigma),
donkey anti-rabbit IRDye680 and goat anti-mouse IRDye800 (LICOR), anti-human
CD53 (MEM53, AbD Serotec), and anti-human CD53 [EPR4342(2), Genetex]. BAPTAAM (Life Technologies) was dissolved in anhydrous DMSO and directly used. For the
cell mask, we used a PEGylated cholesterol analog labeled with a far-red fluorescent
dye (kindly provided by Dr. Alf Honigmann, Max Planck Inst. for Biophysical Chemistry,
Germany). PMA (Calbiochem) was stored in DMSO. The PKC inhibitor Gö6983 (Sigma)
was diluted in DMSO and used at a final concentration of 1 mM. Diacylglycerol kinase
inhibitor II (D5794-5MG, Sigma) was dissolved in DMSO and used at a final concentration
of 20 µM. The PKCbII-encoding construct was a kind gift from Dr. Y.A. Hannun, Stony
Brook University, USA (50). Fluorescent proteins were swapped using the AgeI and BsrGI
restriction sites. Super GFP2 (GFP)-CD53 and -CD53 were generated by subcloning
hCD53 cDNA (NM_000560, Thermo Scientific) into psGFP2-C1 (51) and pmCherry-C1
(52), respectively. The construct encoding human CD37 was previously described (53)
and subcloned into psGFP2-C1 vector. The GPI-RFP construct was described previously
(19). The ΔC CD53 and ΔN CD53 mutants were designed by removing the sequences
encoding the last 8 or the first 5 amino acid residues, respectively, from the sequence
encoding WT CD53. The mutant sequences were synthesized and subcloned into pUC57
vectors by Genscript and then subcloned into the psGFP2-C1 vectors using EcoRI and SalI
restriction sites (51).

Cells and transfections
The EBV-negative human B cell line BJAB (54) is widely studied as a model for signaling
through the BCR. BJAB cells were maintained in RPMI 1640 (Gibco) supplemented with
10% fetal bovine serum (FBS, Greiner Bio One), stable glutamine (PAA), and AntibioticAntimycotic (Gibco). BJAB cells were transiently transfected by electroporation with the
Nucleofector 2b system (Amaxa, Lonza) according to the manufacturer’s guidelines using
program M013 and the cells were imaged 24 hours later.

78

Tetraspanin microdomains control localized protein kinase C signaling in B cells

Micro contact printing experiments
Poly(dimethylsiloxane) stamps containing a regular pattern of circular spots with a
diameter of 5 µm were prepared as described previously (55, 56). Stamps were incubated
for 1 hour with phosphate-buffered saline (PBS) containing anti-BCR antibody or control
antibodies (100 µg/ml) mixed with donkey anti-rabbit IgG (H&L)-Alexa647 (10 µg/
ml, Invitrogen) to visualize the spots. Stamps were washed with demineralized water and
dried under a nitrogen stream. The stamp was applied to a cleaned glass coverslip for 20
s and then removed. Transfected cells were seeded on the stamped area and incubated at
37˚C for the times indicated in the figure legends. Paraformaldehyde (PFA) was added to
the cells to a final concentration of 2% PFA or the coverslips were washed with PBS and
fixed with 2% PFA in PBS for 20 min at room temperature. Samples were washed with
PBS and demineralized water and embedded in Mowiol (Sigma).

Live-cell imaging and microscopy
Wide-field imaging was performed with an Olympus IX71 inverted microscope
equipped with a 60x 1.45 NA oil objective and two lasers at 491 and 561 nm for
excitation. Fluorescence emission was separated from the excitation light with a CMRU-M4TIR-SBX quadruple (405/491/561/640) dichroic (Olympus). GFP and RFP
fluorescence were projected separately on the CCD with a dual-view image splitter
(DV2; Photometrics), where emission was separated with a 565 LP dichroic mirror and
a 612/69 band-pass filter in the red channel. Fluorescent signals were collected with
a C9100-13 EM-CCD (Hamamatsu). Images were taken sequentially and appropriate
filter sets were used to prevent bleed through. Image acquisition was performed at 37˚C
with a cycle time of 269 ms. For the caged DAG experiments, uncaging was performed
by manually opening a shutter for approximately 1 s, which resulted in illumination
with a mercury lamp (X-Cite, series 120Q) coupled to a 365/50 band-pass filter. To
analyze PKC and CD53 colocalization, calcium chelating, micro-contact printing, and
PKCβ translocation in primary B cells, cells were imaged on an epi-fluorescence Leica
DMI6000 microscope with a 63x oil 1.4 NA objective, a metal halide EL6000 lamp
for excitation, a DFC365FX CCD camera (Leica) and GFP, DsRed, and Y5 filter sets
(for GFP, RFP, and AF647, respectively; all from Leica). Focus was kept stable with the
adaptive focus control from Leica. Live-cell microscopic analysis of PKC colocalization
with CD53 and the fluorescently labeled cholesterol analog, fluorescent lifetime imaging
microscopy (FLIM), and live-cell imaging of PKCβ translocation in human B cells were
performed on a SP8 confocal microscope equipped with a 60× water 1.2 NA objective
(Leica) using appropriate laser lines and settings. FLIM images were recorded using the
same setup with an excitation light at 495 provided by a pulsed white light laser (Leica).
Fluorescence (from 500 to 535 nm) was collected with an internal photomultiplier
tube and processed by a Picoharp 300 time-correlated single-photon counting system
(Picoquant). At least 50,000 photons were recorded for each individual cell.
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Caged DAG experiments
For the uncaging experiments, 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) and 1,3-di-Ooctanoyl-sn-glycerol (1,3-DOG), which are both protected with a coumarinylmethylene
group, were synthesized as described previously (19). A final concentration of 30 µM
from a 10 mM stock solution in DMSO was added immediately before the imaging
experiment. Cells were imaged with an Olympus IX71 microscope as described earlier.
Uncaging was performed by manually opening a shutter for approximately 1 s, which
resulted in illumination with a mercury lamp (X-Cite, series 120Q) coupled to a 365/50
band-pass filter.

Image analyses and data fits
All image analyses was performed with Fiji software (57). To quantify PKC translocation
to the plasma membrane, the abundance of PKC on a line profile, before and at maximal
translocation was plotted. The width of the broadest peak representing cytosolic PKC was
compared with that of the corresponding peak of membrane-bound PKC at half-maximal
intensity. For PKC response curves, regions of interest were selected that reflected the
larger part of the cytoplasm, while excluding the nucleus and plasma membrane regions
of the cell at any time point. Mean gray intensities of PKC fluorescence in the cytoplasm
were measured over time, and intensities were normalized to the first few data points
before stimulation. The average fluorescence intensity of the whole cell over time was
used to correct for photobleaching. Colocalization of PKCβ, CD53, and cholesterol at
the plasma membrane was analyzed with polar plots of the plasma membrane using the
JACoP plugin (ImageJ). CD53 enrichment at microcontact prints was quantified by a
custom analysis algorithm. Prints were segmented based on an intensity threshold that
was applied to the print image. Cells were segmented with an edge-finding algorithm
applied to the Differential Interference Contrast image, and an intensity threshold
was applied to the GFP image, in order to select for transfected cells. Combining the
segmentations resulted in masks for cellular parts covering the spots and cellular parts
covering the surrounding area. These masks were used to measure the intensity of GFPCD53 on the spots and the surrounding area that was covered by the cell, and as regions of
interest for colocalization analysis. Pearson’s correlation coefficients were calculated per
cell with the JACoP plugin (Fiji). PKC enrichment on microcontact prints was quantified
by selecting cellular parts covering the spots and cellular parts covering the surrounding
area, and the mean fluorescent intensities of GFP-PKCβ in these areas were compared,
after correcting for the background. FLIM images were generated with SymPhoTime
(Picoquant). To obtain the fluorescence lifetimes, photon histograms containing all
photons pooled for each individual cell were reconstructed from the photon traces with
a custom programmed algorithm (C#.NET), and these histograms were fitted with
single exponential decay curves (OriginLab) to obtain donor fluorescence lifetimes.
A bi-exponential fit was used to obtain the percentages of bound donor. The typical
lifetime of the donor was a fixed fitting parameter in this analysis. Ratios of acceptor and
donor intensities were determined at the single-cell level using fluorescent intensities
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from confocal images acquired before FLIM imaging. For FLIM imaging of cells with
an anti-BCR stimulus, doubly transfected BJAB cells were incubated for 5 min with 20
μM DAGKI before the anti-BCR antibodies were added. Based on the visualization of
PKCβ during the experiment for each cell individually, acquired frames were divided
into three categories, namely, before, during, and after translocation. Photons from these
frames were pooled and histograms were fitted with single exponential decay curves
(OriginLab) to obtain donor fluorescence lifetimes for each cell before, during, and after
translocation. PKCβ translocation in primary WT and Cd53-/- B cells was analyzed by
meta-analysis. Live-cell imaging videos in which no translocation for either WT or Cd53-/B cells was observed were excluded from the analysis. We fitted a generalized linear
mixed model with a binomial distribution for the number of translocating cells of the
total number of cells imaged, combined with an identity link, fixed effects for genotype
(WT or Cd53-/-), and a random effect for experiment, nested in experimental day. The
analysis was performed with proc glimmix module of SAS for Windows version 9.2.
Quantification of PKCβ translocation in BJAB cells was achieved by selecting a region of
interest (ROI) in the cytoplasm of the cell and comparing fluorescent intensities before
the addition of the anti-BCR stimulus and at the moment of maximal translocation. From
this difference in fluorescent intensity, a percentage was calculated that represents the
amount of PKCβ exiting the cytosol upon stimulation. These intensities were corrected
for background by subtraction of the fluorescent signal measured in ROIs adjacent
to measured cells for both measured time points. The values were also corrected for
photobleaching by measuring whole-cell fluorescent signals to determine signal decay.

Generation of Cd53-/- mice

LoxP sites were introduced downstream of exon 1 and upstream of exon 6 in the mouse
Cd53 gene. Thereby, exons 2 through 5 were deleted upon crossing a CD53 floxed/floxed
mouse with a Cre deleter mouse. An inverted neomycin-resistance gene was introduced
downstream of exon 1 and loxP site. Deletion of the Cd53 gene was verified by PCR analysis
with the following primers: WT forward: TGT GGT GTA AAT GGC TCA AGT G; CD53-/forward: TGC CCA TCC ATA CTT TCA CTC; reverse: CTC CAA CCC AGT GGA CCT
AA. CD53 protein abundance on blood leucocytes was analyzed by flow cytometry. Cd53/mice were fully backcrossed to the C57Bl/6J background, and Cd53-/- mice and sex- and
aged-matched C57Bl/6J WT littermate mice were bred at the Central Animal Laboratory
Nijmegen (The Netherlands). Mice were housed in top-filter cages and fed a standard
diet with freely available water and food, and used at 8 to 12 weeks of age. All in vivo
studies complied with European legislation, and were approved by the local animal ethical
committee for the care and use of animals with related codes of practice.

Generation of human CD53-deficient BJAB cells by CRISPR/Casmediated genome editing
Five guide RNA pairs targeting the first two coding exons of the CD53 gene were designed
using the MIT CRISPR design tool (58) and subcloned into the px335 Cas9 vector as
described previously (59). BJAB cells were transfected with 0.5 µg of each of the two
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gRNA plasmids forming a pair and 0.5 µg pCDNA6 with a Nucleofector 2b system
(Amaxa, Lonza) according to the manufacturer’s guidelines using program M013 and
Mirus nucleofection buffer (MirusBio). One day after nucleofection, transfected cells
were selected by four days of incubation with blastacistin (25 µg/ml). Single-cell clones
were obtained after four days of recovery in medium without selection by seeding three
96-wells plates with a density of 0.3 cells per well. Sixteen to twenty days later, confluent
wells were screened for loss of CD53 protein by flow cytometry (Cyan ADP, Beckman
Coulter) with antibodies directed against the extracellular domain (EC2) (MEM53, AbD
Serotec) or the intracellular C-terminal tail of CD53 [EPR4342(2), Genetex]. Disruption
of the CD53 gene was confirmed by PCR-based amplification of the region of interest
followed by Sanger sequencing (fig. S6).

Murine B cell stimulation and detection of phosphorylated PKC
substrates
Resting primary B cells were isolated from the spleens of WT and Cd53-/- mice by depleting
CD43+ cells with CD43-MACS beads (Miltenyi Biotec). B cell purity and BCR complex
and tetraspanin abundances were determined by flow cytometric analysis. Pooled B cells
from 3 mice (9 x 106 cells) were stimulated with F(ab’)2 goat anti-mouse IgG (10 µg/
ml) for 5 min. 1 µM PKC inhibitor Gö6983 was added 30 min before the cells were
stimulated. To detect pSyk, cells were treated for 5 min with the tyrosine phosphatase
inhibitor pervanadate. Cells were then lysed in Laemmli sample buffer supplemented
with β-mercaptoethanol, and proteins were separated by SDS-PAGE and transferred to
a polyvinylidene difluoride membrane (Millipore). Membranes were blocked with 5%
BSA or 3% BSA and 1% skim milk powder in Tris-buffered saline (TBS) and probed with
specific antibodies, which was followed by the addition of IRDye-conjugated secondary
antibodies and the detection of bands by Odyssey infrared detection (LI-COR). Profiles
of protein staining intensities were analyzed with Fiji software.

Human B cell stimulation and detection of pSyk
To detect pSyk upon BCR simulation, WT and CD53-/- BJAB cells were stimulated for 1 min
with 10 µg/ml F(ab’)2 goat anti-human IgG, IgM, and IgA. Pervanadate was used as positive
control. Stimulation was stopped by the addition of PBS at 4°C, which was followed by
permeabilization with methanol at 4°C, and the cells were then stained with an antibody
against pSyk. The abundance of pSyk was determined by flow cytometric analysis.

Transfection and imaging of primary B cells
Primary B cells were isolated from the spleens of WT and Cd53-/- mice as described earlier.
After isolation, the cells were incubated at 37°C, 5% CO2 in RPMI medium containing
10% FBS (Greiner Bio One), stable glutamine (PAA), antibiotic-antimycotic (Gibco),
2-mercaptoethanol (Sigma-Aldrich), sodium pyruvate (PAA), and lipopolysaccharide
(20 μg/ml). Twenty-four hours after isolation, the cells were transiently transfected by
electroporation with the 4D-nucleofector system (Lonza) with program DP-100 according
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to the manufacturer’s guidelines. The cells were stimulated with anti-mouse F(ab’)2 fragment
goat anti-mouse IgG and IgM (H+L) (10 μg/ml) during imaging as described earlier.

Statistical analyses
All statistical comparisons were made with Graphpad Prism 5 software, and data are
expressed as means ± SEM, SD, or 95% CI as indicated in the figure legends. Differences
between means were analyzed with paired, one-sample or Student’s t tests, or metaanalysis as indicated in the legends. Statistical significance was set at P < 0.05.
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Results
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Fig. 1. PKCβ translocates to the plasma membrane after BCR stimulation.
(A) BJAB cells expressing red fluorescent protein (RFP)-tagged PKC were stimulated with anti-BCR antibodies.
PKCβ distribution before stimulation (left image) and at maximal PKCβ translocation (right image) was
determined by epi-fluorescent microscopy. Left graph: PKCβ fluorescence intensity across the yellow line profile
before stimulation (black line) and at maximal PKCβ translocation (red line). Right graph: Width of PKCβ
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fluorescence measured at 50% of the maximal fluorescence intensity. Data are from 8 cells from one experiment
and are representative of more than eight independent experiments. Statistical analysis was by paired t test.
(B) BJAB cells expressing RFP-PKCβ were stimulated with isotype control, anti-CD55 antibody, or anti-BCR
antibody. Left graph: PKC intensity within the cytosol over time. Right graphs: Width of PKCβ fluorescence.
Data are from at least 6 cells from one experiment. Statistical analysis was by paired t test. n.s., not significant.
(C) GFP-PKCβ–expressing BJAB cells treated with coumarin-caged DAG or control DOG were subjected to UV
light to photoactivate the DAG species. Left images: Localization of caged DAG species during photoactivation.
Right images: PKCβ localization before and after DAG photoactivation. Graphs: Width of PKCβ fluorescence
before and after photoactivation. Data are from at least 6 cells from two independent experiments. Statistical
analysis was by paired t test. (D) RFP-PKC–expressing BJAB cells pretreated for 30 min with 1,2-bis(2aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tetra(acetoxymethyl)ester (BAPTA-AM) or dimethyl sulfoxide
(DMSO) were imaged in the presence of absence of EGTA. PKCβ localization before and after stimulation with
anti-BCR antibodies was imaged, as indicated. Graphs: Width of PKCβ fluorescence. Data are from at least 8 cells
from three experiments. Statistical analysis was by paired t test. Scale bar, 5 μm.

PKCβ translocates to the plasma membrane upon BCR stimulation
We studied the spatiotemporal dynamics of PKCβ in BJAB cells (a human B cell line)
transfected with a plasmid encoding fluorescently tagged PKCβ. PKCβ readily translocated
to the plasma membrane upon stimulation of the cells with anti-Ig F(ab’)2 fragments that
mimic BCR stimulation with antigen (Fig. 1A). This translocation was quantified from
the distribution of PKCβ fluorescence over a line profile across the cell, which decreased
substantially in width upon BCR stimulation. Maximal PKCβ translocation was reached
within about 20s after BCR activation and was transient (Fig. 1B). Cells stimulated with
isotype control antibodies or antibodies against an irrelevant membrane protein (CD55)
did not exhibit PKC translocation (Fig. 1B).
To investigate whether Ca2+ or DAG was required for BCR-dependent PKCβ
translocation, we first studied the role of DAG in experiments with photoactivatable
DAG molecules attached to a fluorescent coumarinylmethylene caging group (19).
DAG [naturally occurring SAG (stearoyl-arachidonyl glycerol)] and, as control, a bioinactive DOG (1,3-di-O-octanoyl glycerol), were introduced into live B cells expressing
fluorescently tagged PKCβ. The uptake and localization of caged DAG were visualized
by measuring coumarin fluorescence at the time of DAG photoactivation by UV light.
Both caged DAG and the control DOG displayed similar subcellular localization, with the
largest fraction present in intracellular membranes (Fig. 1C). Photoactivation of DAG
resulted in evident translocation of PKCβ, almost exclusively to the plasma membrane.
PKCβ remained in the cytosol upon uncaging of the bio-inactive DAG analog (Fig.
1C). Depletion of intracellular Ca2+, extracellular Ca2+, or both did not affect PKCβ
translocation upon BCR stimulation (Fig. 1D), suggesting that DAG is sufficient to drive
BCR-induced PKCβ translocation. However, because the largest pool of active DAG was
located at intracellular membranes (Fig. 1C), DAG cannot be the sole determinant for
the specific recruitment of PKC to the plasma membrane. Because PKC isoforms interact
with tetraspanin proteins and tetraspanins are implicated in sequestering signaling
molecules in membrane domains, we hypothesized that PKC recruitment to the plasma
membrane was dependent on tetraspanins.
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Fig. 2. PKCβ colocalizes with the tetraspanin CD53 after stimulation.
(A) Left: Confocal images of BJAB cells expressing RFP-tagged–PKCβ and stimulated with anti-BCR antibodies.
Images from left to right show PKCβ distribution before translocation, PKCβ location at maximal translocation
upon BCR stimulation, CD53 localization, and a merged picture of PKCβ (green) and CD53 (red) during maximal
PKC translocation. Scale bar, 5 μm. Bottom: A polar plot of the plasma membrane showing the distributions of
PKC and CD53 during maximal PKC translocation. Right: Pearson’s correlation coefficients between CD53 and
PKCβ in polar plots. Data are from 10 cells from three independent experiments. Statistical analysis was by paired
t test. (B) BJAB cells expressing RFP-CD53 and GFP-tagged PKCβ and stained with a labeled cholesterol analog
(cell mask) were stimulated with anti-BCR antibodies. Left: Merged image shows PKCβ (green), CD53 (red),
and cell mask (blue). Scale bar, 5 μm. Bottom: polar plots of the plasma membrane showing PKCβ, CD53, and
cholesterol distribution during maximal PKCβ translocation. Right: Pearson’s correlation coefficients between
CD53 and PKCβ were plotted against the Pearson’s correlation coefficients between cholesterol and PKCβ. Data
are from 17 cells from three experiments. Solid line: Linear regression.

PKC translocates to tetraspanin-containing microdomains
The tetraspanin CD53 (20, 21) is of particular interest because it is specifically expressed by
immune cells and has been suggested to play a role in PKC signaling (22, 23). Correlating the
intensity of fluorescently tagged CD53 with that of PKCβ at the plasma membrane revealed
that PKCβ became highly colocalized with CD53 upon BCR stimulation (Fig. 2A). Because
these patches also correlated with the presence of cholesterol, they likely represent regions
of higher membrane density (for example, membrane ‘ruffles’) (Fig. 2B) (24). To resolve
whether PKC translocation was specifically directed to CD53-containing microdomains, we
used a cell-imaging system in which the BCR was locally engaged by means of microcontact
printing of anti-BCR antibodies. We found that PKCβ was specifically recruited to the antiBCR patterns, which supports the idea that these are sites of BCR signaling but was not
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similarly recruited to isotype control patterns (Fig. 3, A and B, and fig. S1, A and B). Moreover,
evident and stable CD53 enrichment on anti-BCR prints was observed in most (>80%) of
the B cells (Fig. 3, C and D, and fig. S1B). This CD53 enrichment was specific for the sites of
BCR signaling, because CD53 was not recruited to sites ligated with control or anti-CD81
antibodies (fig. S2). We confirmed that PKCβ and CD53 specifically colocalized at the antiBCR print in contrast to cellular regions surrounding the print (Fig. 3E). In addition, the
amount of a glycosylphosphatidylinositol (GPI)-linked fluorescent control protein that was
recruited to anti-BCR prints was markedly less than that of CD53 (Fig. 3F).
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Fig. 3. PKC translocates to CD53-containing regions at the site of BCR signaling.
(A) Left: BJAB cells expressing GFP-PKCβ were seeded on isotype control or anti-BCR prints and analyzed
after 3 min by epi-fluorescence microscopy. Right: Graphs of PKCβ fluorescence intensity across the yellow line
profiles. Shaded area shows the location of the antibody print. (B) Ratio between the average PKCβ intensity
on the antibody print and that outside of the print. Data are means ± SD of 10 cells from two independent
experiments. Statistical analysis was by one-sample t test. (C) Left: BJAB cells expressing GFP-CD53 were seeded
on isotype control or anti-BCR prints and analyzed after 15 min. Right: Graphs of CD53 fluorescence intensity
across the yellow line profiles. Shaded area shows the location of the antibody print. (D) The ratio between the
average CD53 intensity on antibody prints and that outside the prints within CD53-expressing cells. Data are
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means ± SD of >22 fields of view (each containing 10 to 25 cells) from two independent experiments. Statistical
analysis was by one-sample t test. (E) Top left: BJAB cells expressing GFP-CD53 and RFP-PKCβwere seeded onto
anti-BCR prints and analyzed after 15 min. Bottom left: Magnified, merged picture of PKCβ (red) and CD53
(green). The yellow circle depicts the site of the BCR print. Right: Pearson’s correlation coefficients of CD53
and PKCβ on the anti-BCR print and on cellular parts surrounding the print. Data are from 9 cells from one
experiment and are representative of two independent experiments. Statistical analysis was by paired t test. (F)
Left: BJAB cells expressing GPI-RFP were seeded onto anti-BCR prints and analyzed after 15 min. Right: Ratio
between the average intensities on anti-BCR prints and outside the prints within GPI- or CD53-expressing cells.
Data are means ± SD of 10 fields of view (each containing more than 25 cells). Statistical analysis was by unpaired
t test. Scale bar, 5 μm.

To provide a temporal framework for the role of CD53 in PKC signaling, we used
microcontact printing of anti-BCR antibodies to determine the recruitment of CD53
and the BCR over time. In these experiments, CD81 was used as a marker for BCR
localization because of its distinct tendency to colocalize with the BCR upon initiation of
B cell signaling and its crucial role in efficient BCR signaling (25). CD81 and CD53 were
both recruited to the anti-BCR patterns and showed similar recruitment kinetics, further
supporting a role for CD53 in the BCR signaling complex (fig. S3, A and B). In contrast,
the tetraspanin CD37, which has not been reported to have a role in PKC signaling, was
not recruited to the anti-BCR patterns at any observed time point (fig. S3B), suggesting
that the recruitment of CD53 was specific. Together, our data suggest that BCR activation
and subsequent PKC recruitment occur at CD53-containing microdomains in the plasma
membrane of B cells.

PKCβ is within nanoscale proximity of CD53 in activated B cells

We next used fluorescence lifetime imaging microscopy (FLIM) based on Förster resonance
energy transfer (FRET) to detect molecular interactions at the nanometer scale. We first
studied interactions between individual CD53 molecules in the plasma membrane. In
B cells expressing green fluorescent protein (GFP)-tagged CD53 (cells expressed only
a FRET donor), we determined an average fluorescence lifetime of the donor (GFP)
of 2.58 ± 0.03 ns (fitting with mono-exponential decay functions) (Fig. 4, A to C).
In B cells co-expressing GFP-tagged CD53 and red fluorescent protein (RFP)-tagged
CD53 (cells expressed both FRET donors and acceptors), the fluorescence lifetime of
the donor decreased substantially to 2.33 ± 0.09 ns (mono-exponential decay functions)
(Fig. 4, A to C), indicating that there were close interactions between individual CD53
proteins. This finding is consistent with multiple CD53 molecules clustering together
within CD53-containing microdomains (26). Fitting the curves to bi-exponential decay
functions with the slowest decay lifetime fixed at the lifetime of donor only (that is, 2.58
ns) revealed that about 30% of the GFP-CD53 molecules were in close proximity (<5 nm
Förster distance) to RFP-tagged CD53 molecules.
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Fig. 4. Recruitment of PKCβ to CD53 proteins at the nanoscale level.
(A to C) BJAB cells expressing GFP-CD53 alone, co-expressing GFP-CD53 and RFP-CD53, or co-expressing
GFP-CD53 and RFP-PKCβ were subjected to FLIM analysis. B cells co-expressing GFP-CD53 and RFP-PKCβ
were imaged during PKC translocation upon stimulation with PMA. (A) Top: FLIM images of GFP-CD53. Bar
shows the color scale of the lifetime of GFP fluorescence. Bottom: Confocal microscopy images showing the
distribution of GFP-CD53, RFP-CD53, and RFP-PKCβ. (B) Histograms of the fluorescence lifetime in the B cells
depicted in (A). The distribution of fluorescence lifetime values per pixel is plotted and fitted with a Gaussian
function. (C) Left: Fluorescence lifetimes of GFP-CD53 obtained by fitting fluorescent decay curves of single
cells with mono-exponential decay functions. Data are means ± SEM of at least 10 cells from one experiment
and are representative of three experiments. Statistical analysis was by unpaired t test with Welch’s correction.
Right: Fluorescence decay curves were fitted with bi-exponential decay functions, with the lifetime of the donor
in absence of FRET fixed. The percentage of GFP-CD53 in close proximity to acceptor molecules (that is, with
a shorter lifetime than that of the donor alone) is shown. Data are means ± SD of at least 10 cells from one
experiment and are representative of three experiments. Statistical analysis was by unpaired t test. (D) Top:
Images of BJAB cells transfected with plasmids encoding GFP-CD37 and RFP-PKCβ before (Unstimulated) and
after the addition of PMA. Bottom: Lifetimes of GFP-CD37 fluorescence obtained by fitting fluorescent decay
curves with mono-exponential decay functions. Data are means ± SEM of at least 13 cells per condition from
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three experiments. Statistical analysis was by unpaired t test. (E) Top: Images of reference cells transfected with
plasmids encoding GFP-CD53 and RFP-PKCβ before and after the addition of PMA. Bottom: Lifetimes of GFPCD53 obtained by fitting fluorescent decay curves with mono-exponential decay functions. Data are means ±
SEM of at least 23 cells per condition from three experiments. Statistical analysis was by unpaired t test. Scale
bars, 5 μm.

Next, we investigated the nanoscale proximity of PKCβ to CD53 upon B cell stimulation. In
unstimulated B cells, PKCβ was predominantly localized in the cytosol, and co-expression
of RFP-PKCβ did not markedly alter the fluorescence lifetime of GFP-CD53 (Fig. 4, A
to C). Upon B cell stimulation with phorbol-12-myristate-13-acetate (PMA), PKCβ
translocated to the plasma membrane (Fig. 4A), which was accompanied by a substantial
decrease in lifetime of donor-GFP to 2.48 ± 0.06 ns (single exponential decay; Fig. 4C
and fig. S4) indicating the nanoscale proximity (<5 nm Förster distance) of PKC molecules
to CD53 molecules. In these experiments, the donor-GFP was present on membraneanchored CD53 and the acceptor-RFP was on soluble PKC. This arrangement excludes
potential artifacts arising from changes in the GFP lifetime caused by membrane binding
(that is, effects that are independent of CD53). Moreover, the decrease in the fluorescence
lifetime of GFP was not caused by differential ratios of acceptor and donor abundances
(fig. S4). By fitting with bi-exponential decay curves, we estimated that the percentage of
GFP-CD53 within the Förster distance to RFP-PKCβ increased substantially from 8 to 16%
upon B cell stimulation, which suggests that PKCβ and CD53 are in close proximity to each
other (that is, < 5 nm) when PKCβ is activated (Fig. 4, A to C).
We then investigated whether this proximity was specific for CD53 or merely a
consequence of the higher local density of acceptor fluorophore caused by the increased
membrane recruitment of PKCβ (that is, membrane crowding). To this end, we studied
the nanoscale proximity of PKCβ to the control tetraspanin CD37 upon B cell stimulation.
The average lifetime of the donor was determined in B cells expressing GFP-CD37 alone,
which was 2.57 ± 0.02 ns. Upon stimulation of B cells containing both GFP-CD37 and
RFP-PKCβ with PMA, there was only a small reduction in fluorescence lifetime to 2.52
± 0.03 ns. This reduction was markedly smaller than that measured for GFP-CD53,
suggesting that the interaction between CD53 and PKCβ was specific (Fig. 4, D and E).
These data support our conclusion that PKCβ is recruited to the tetraspanin CD53 at the
plasma membrane upon activation of B cells.

BCR engagement initiates the recruitment of PKCb to CD53 in live
B cells
We next aimed to confirm that the interaction between PKCβ and CD53 was also initiated
under more physiological conditions, namely, BCR stimulation in live B cells. Acquiring
sufficient numbers of photons for reliable FLIM measurements is difficult because PKCβ
translocation is transient and that PKCβ dissociates from the plasma membrane within
~10 s (Fig. 1B). To overcome this, we made use of a DAG kinase inhibitor (DAGKI), which
prevents the breakdown of DAG at the plasma membrane, thereby delaying the dissociation
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of PKCβ by approximately an additional 10 s, which enabled FLIM measurements to be
made. B cells were transfected with plasmids expressing GFP-PKCβ and RFP-CD53,
and the lifetime of GFP was measured before, during, and after the translocation of PKC
induced by anti-BCR antibodies (Fig. 5A). Before stimulation, the fluorescence lifetime of
GFP-PKCβ was 2.26 ± 0.13 ns. During PKC translocation, the lifetime was substantially
reduced to 2.09 ± 0.10 ns, but then it returned to its initial value (2.26 ± 0.06 ns) upon
dissociation from the plasma membrane (Fig. 5B). To exclude the possibility that the effects
observed were the result of changes in the GFP lifetime caused by membrane-binding, we
performed control experiments with B cells transfected only with plasmid expressing GFPPKCβ. These cells exhibited PKC translocation similar to that of the double transfected
cells, however this translocation was not accompanied by a decrease in the fluorescence
lifetime (Fig. 5B), suggesting that the reduction in fluorescence lifetime seen upon BCR
stimulation was solely a result of the nanoscale proximity of GFP-PKCβ to RFP-CD53.
These results suggest that PKCβ translocates towards CD53 upon BCR engagement.
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Fig. 5. BCR engagement initiates the recruitment of PKCβ to CD53 in live B cells.
(A) Confocal images of a representative BJAB cell expressing GFP-PKCβ and RFP-CD53 and stills takes from a FLIM
recording show the localization of PKCβ before, during, and after stimulation of the cells with anti-BCR antibodies.
Scale bar, 5 μm. (B) Left: Lifetimes of GFP-PKCβ fluorescence measured in doubly transfected BJAB cells before,
during, and after BCR-induced translocation of PKCβ to the plasma membrane were obtained by fitting fluorescent
decay curves with mono-exponential decay functions. Data are means ± SEM of 10 cells from three independent
experiments. Statistical analysis was performed by paired t tests. Cells were stimulated with F(ab’)2 goat anti-human
IgG, IgM, and IgA (10 µg/ml). Right: Lifetimes of GFP-PKCβ fluorescence measured in singly transfected BJAB
cells before, during, and after BCR-induced translocation of PKCβ to the plasma membrane were obtained by fitting
fluorescent decay curves with mono-exponential decay functions. Data are means ± SEM of at least 8 cells from three
independent experiments. Statistical analysis of all groups was by paired t tests. Scale bar, 5 μm.
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The N terminus of CD53 mediates the interaction with PKC
To characterize the interaction between CD53 and PKCβ at the molecular level, we
generated CD53 mutants lacking either the N terminus (ΔN CD53) or the C terminus
(ΔC CD53). The relative abundances and subcellular localization of both CD53 mutants
were comparable to those of the wild-type (WT) CD53 protein and did not affect the
cytosolic localization of PKCβ in unstimulated B cells (Fig. 6, A to C). The proximity of
PKCβ to the mutant CD53 proteins upon B cell stimulation was then assessed with FLIM.
In B cells expressing only GFP-ΔC CD53, GFP-ΔN CD53, or the WT GFP-CD53, the
average fluorescence lifetimes were not substantially different (Fig. 6, A to C). In B cells
co-transfected with plasmids encoding GFP-ΔC CD53 and RFP-PKCβ, the fluorescence
lifetime of the donor was reduced to 2.49 ± 0.04 ns upon stimulation of the cells with
PMA. This reduction in lifetime was similar to that of the WT GFP-CD53 protein,
suggesting that the interaction with PKCβ remained unperturbed when the C terminus
of CD53 was absent. In contrast, B cells expressing the GFP-ΔN CD53 mutant showed a
statistically nonsignificant reduction in the average fluorescence lifetime to 2.52 ± 0.07
ns upon B cell stimulation. These results implicate the N terminus of CD53 in mediating
the interaction between CD53 and PKCβ.
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Fig. 6. The interaction between CD53 and PKCβ is dependent on the N terminus of CD53.
(A to C) BJAB cells expressing GFP-CD53 or the indicated GFP-CD53 mutants alone or together with RFPPKCβ were subjected to FLIM analysis. Top: Confocal imaging showing the distribution of RFP-PKCβ and WT
GFP-CD53 (A), GFP-ΔC CD53 (B), or GFP-ΔN CD53 (C) before (Unstimulated) and after the addition of PMA.
Bottom: Fluorescence lifetimes of GFP-CD53 or the indicated mutants were obtained by fitting fluorescent
decay curves with mono-exponential decay functions. (A) Data are means ± SEM of at least 10 cells from three
experiments. (B) Data are means ± SEM of at least 8 cells from three experiments. (C) Data are means ± SEM
of at least 19 cells from three experiments. Statistical analysis was performed by unpaired t test. Scale bar, 5 μm.
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CD53 is required for optimal PKC signaling activity
We investigated the functional consequences of the recruitment of PKC molecules to CD53containing microdomains during B cell signaling by using homologous recombination in
embryonic stem cells to generate mice that were deficient for Cd53 (Cd53-/-) (Fig. 7, A to
C). Primary naive B cells (CD43–B220+) were isolated from the spleens of Cd53-/- and WT
mice with comparable purity. We first analyzed whether the different components of the BCR
complex were present in the plasma membrane in the absence of CD53.We found that Cd53-/B cells and WT B cells had comparable amounts of the BCR itself (both IgM and IgG BCRs)
and of the BCR coreceptor proteins CD19 and CD81 on the cell surface, and showed no
differences in the abundances of other tetraspanins (Fig. 7D). In addition, we observed similar
amounts of PKCβ and total PKC proteins in the lysates of purified WT and Cd53-/- B cells
(Fig. 7E). Moreover, the amounts of total Syk and phosphorylated Syk (pSyk) protein upon
treatment with pervanadate were comparable between WT and Cd53-/- B cells (Fig. 7F).
These results suggest that the BCR complex and Syk phosphorylation upstream of
PKC are intact in Cd53-/- B cells. To confirm this, we quantified pSyk in human cell
lines after BCR stimulation (fig. S5). Next, we evaluated the activity of PKC by directly
examining the phosphorylation of PKC substrates upon B cell stimulation (Fig. 7G). We
observed an increase in PKC substrate phosphorylation in WT B cells in response to
BCR stimulation. The specific PKC inhibitor Gö6983 blocked the phosphorylation of
PKC substrates stimulated by BCR activation, verifying the specificity of the assay. In
unstimulated cells, the extent of phosphorylation of PKC substrates in Cd53-/- and WT B
cells was comparable. However, when Cd53-/- B cells were stimulated through the BCR,
no increase in the abundance of phosphorylated PKC substrates was observed in contrast
to what was observed for WT B cells (Fig. 7, G and H). Together, these studies suggest
that the tetraspanin CD53 is required for optimal PKC function upon BCR stimulation.

The absence of CD53 impairs PKCβ translocation in primary B cells

To confirm that CD53 was essential for full PKC activation, we studied PKCβ translocation in
primary B cells from Cd53-/- mice and WT littermate mice. WT B cells expressing RFP-PKCβ
and Cd53-/- B cells expressing GFP-PKCβ were simultaneously stimulated with anti-BCR
antibodies, which enabled a direct, side-by-side comparison of PKCβ translocation. This setup
provided identical experimental conditions for the WT and Cd53-/- B cells, thereby excluding
any external factors, such as differences in stimulation, which potentially could affect the
kinetics of PKCβ recruitment. We found that the percentage of total B cells exhibiting PKCβ
translocation upon anti-BCR stimulation was substantially less for Cd53-/- cells than for WT
cells (32.6% and 54.3%, respectively) (Fig. 8, A to C, and movie S1). To rule out any effect of
the fluorescent proteins attached to PKCβ, we also performed ”dye-swap” experiments with
WT cells expressing GFP-PKCβ and Cd53-/- cells expressing RFP-PKCβ. These experiments
showed that the label attached to PKCβ did not influence the outcome of the experiment,
because in either case, a lower percentage of Cd53-/- cells exhibited PKCβ translocation
compared to WT cells (Fig. 8B). Thus, we conclude that Cd53-/- B cells were less capable than
their WT counterparts of mediating PKCβ translocation to the plasma membrane.
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Fig. 7. Impaired PKC substrate phosphorylation in primary Cd53-/- B cells.
(A) Gene map showing the deleted portion of the murine Cd53 gene. (B) PCR analysis of DNA from Cd53-/-,
Cd53+/-, and WT mice with primers that distinguish between WT and Cd53-/- alleles as described in Materials and
Methods. (C) Detection of CD53 (gray line) on blood leucocytes analyzed by flow cytometry. Shaded histogram
shows the isotype control antibody. (D) Flow cytometric analysis of the cell-surface abundances of CD53, B220,
BCR, IgG, IgM, CD19, CD81, and CD151 on purified B cells isolated from the spleens of WT (shaded gray) and
Cd53-/- (black line) mice. (E) B cells from two (left) or three (right) mice were pooled and stimulated with F(ab’)2
anti-lgG antibodies for 5 min. The cells were then analyzed by Western blotting with antibodies specific for pan-PKC
protein (80 kD), PKCβ (80 kD), and Syk (72 kD). (F) Western blotting analysis of the phosphorylation of Syk (75
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kD) in pooled cells from three WT and Cd53-/- mice treated with the tyrosine phosphatase inhibitor pervanadate.
Actin (42 kD) was used as a loading control. (G) B cells from WT and Cd53-/- mice (three mice/strain) were pooled
and pre-treated with or without the PKC inhibitor Go6983 before being stimulated with F(ab’)2 anti-lgG antibodies
for 5 min. The cells were then analyzed by Western blotting with an antibody against phosphorylated PKC substrates.
Actin was used as a loading control. Western blots are representative of three independent experiments. (H) Profiles
of the band intensities of the indicated cells from the top-most (250 to 60 kD) lanes of the Western blot shown in
(G) and corrected for protein loading. Data are representative of three experiments.
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Fig. 8. The recruitment of PKCβ to the plasma membrane is impaired in murine and human B
cells lacking CD53.
(A to C) Primary naive B cells (CD43–B220+) isolated from the spleens of WT and Cd53-/- mice, as well as WT and
CD53-deficient BJAB cells were transfected with plasmids encoding either GFP-PKCβ or RFP-PKCβ. (A) Still frames
from live-cell imaging of WT (RFP-PKCβ) and Cd53-/- (GFP-PKCβ) B cells before and after the addition of anti-BCR
antibodies. Frames were taken at 9 s before and 8.9 s after the addition of anti-BCR antibodies. See also movie S1.
(B) Left: Percentage of Cd53-/- and WT B cells of the total transfected B cell populations that showed translocation.
Data are means ± 95% CI of at least 29 cells per strain from three independent experiments. Middle: Comparison of
the percentages of WT B cells expressing RFP-PKCβ that showed translocation compared to the percentage of cells
expressing GFP-PKCβ that showed translocation. Data are means ± 95% CI of at least 10 cells from three independent
experiments. Right: Comparison of the percentage of Cd53-/- B cells expressing RFP-PKCβ that showed translocation
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compared to the percentage of cells expressing GFP-PKCβ that showed translocation. Data are means ± 95% CI
of at least 10 cells from three independent experiments. Statistical significance was determined by meta-analysis.
(C) Measurement of cytosolic PKC intensity over time in BCR-stimulated WT and Cd53-/- cells. Data are from five
representative cells from three independent experiments. Scale bar, 5 μm. (D) Still frames from the live cell imaging of
a WT and CD53-/-human BJAB cell before and after the addition of anti-BCR antibodies. Frames were taken 18 s before
and 33.4 s after the time of anti-BCR stimulation. (E) Left: Percentages of CD53-/- and WT human B cells that showed
translocation of PKCβ of the total transfected B cell population. Data are means ± 95% CI of at least 36 cells from two
independent experiments. Statistical analysis was by meta-analysis. Error bars represent 95% CI. Right: Percentages of
WT and CD53-deficient B cells that showed translocation. Data means ± SEM of at least 21 cells per cell type from two
independent experiments. Statistical analysis was by unpaired t test. Only cells showing translocation are included in
the analysis shown in (E). Scale bar, 5 μm.

To confirm that our findings were not restricted to murine B cells, we generated a human
CD53 knockout B cell line by CRISPR/Cas-mediated genome editing of BJAB cells.
Deficiency in CD53 was validated at the genomic level by Sanger sequencing and at
the protein level by flow cytometric analysis with two different anti-CD53 antibodies
(fig. S6). Studying PKC translocation in these human CD53-deficient (CD53 -/-) B cells
in response to anti-BCR stimulation revealed a substantial reduction in the extent of
PKCb translocation compared to that of their WT counterparts. We found that 55.6% of
CD53-/- B cells exhibited PKCb translocation compared to 89.6% of the WT B cells (Fig.
8, D and E). Furthermore, analyzing only the B cells that exhibited PKC translocation,
we quantified the percentage of PKCβ translocation from the cytosol to the plasma
membrane and observed less PKC translocation in the CD53-/- B cells compared to WT
B cells. The percentage of PKCβ leaving the cytosolic compartment in the stimulated
CD53-/- human B cells was significantly lower than that in the WT human B cells; 31.9
and 44.8%, respectively (Fig. 8E). Together, these findings suggest that PKC recruitment
to the plasma membrane is defective in the absence of CD53, which underscores the
importance of CD53 in BCR-dependent PKC signaling in both mouse and human B cells.

Discussion
PKCs are key players in many important biological pathways, including the formation
of the immunological synapse, as well as T cell receptor and BCR signaling (4, 27–29).
Understanding the spatiotemporal activation of PKCs at the level of the plasma membrane
is central to unraveling the complex PKC signaling network. Here, we demonstrated that
the recruitment of PKCβ to plasma membrane regions containing the tetraspanin CD53 was
required for optimal PKCβ activation upon B cell stimulation, and we visualized the direct
recruitment of signaling molecules to the tetraspanins in live B cells. CD53-deficient B cells
were impaired in the phosphorylation of PKC substrates because of the decreased recruitment
of PKCβ to the plasma membrane upon BCR stimulation, suggesting that CD53-enriched
plasma membrane microdomains provided a hotspot for the localization of PKC in close
proximity to its substrates at the site of BCR activation. Our data are consistent with the
reported ability of the tetraspanin CD82 to sustain PKCa signaling in leukemia cells (30).
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Experiments with photoactivatable DAG revealed that, despite the large fraction of
activated DAG found at intracellular membranes, PKCβ translocated exclusively to the
plasma membrane, which was likely because of the relatively high concentrations of
phosphatidylserine and PI(4,5)P2 found there (31, 32). In addition, our data suggest that
PKCβ was specifically recruited to tetraspanin-containing membrane microdomains and
that CD53 was required for PKC function in B cells. Co-immunoprecipitation studies
report a molecular association between conventional PKCs and tetraspanins (for example,
PKCα and CD9, CD53, CD81, and CD82; and PKCβ and CD9, CD81, and CD151), but
the functional implications of these interactions were not studied (18). Although the
nature of these interactions remains unexplored, our results may be indicative of a general
relationship between PKC isoforms and tetraspanin proteins. It is of particular interest to
explore whether integrins are also part of this interaction, because they interact with both
tetraspanins and PKC (14, 33, 34). The interaction between PKCβ and the tetraspanin
CD53 at the nanoscale level indicates that tetraspanins may function as docking sites for
PKC in the plasma membrane for PKC. We showed that this occurred in both murine and
human B cells under different stimulation conditions (for example, stimulation with PMA
or anti-BCR stimulation). Furthermore, we demonstrated that the interaction between
CD53 and PKCβ likely depends on the N-terminus of CD53, because the removal of this
domain led to the disruption of tetraspanin-PKC interactions. We have not yet identified
any known PKC-binding motifs in the removed N-terminal sequence of CD53 (MGMSS).
The C terminal tail of CD53 (and those of many other tetraspanins) harbors a putative
postsynaptic density protein-95/disks large/zonula occludens-1 (PDZ) domain-binding
motif (TIGL) (35), which could potentially interact with cytosolic proteins containing a
PDZ domain and thus indirectly interact with PKC (36, 37). However, a CD53 mutant
protein lacking this motif was recruited PKC normally in our studies, arguing against a
role for this particular motif in PKC signaling in B cells.
We postulate that tetraspanin-containing membrane microdomains maintain a
local lipid and protein composition that favors PKC binding. Consistent with this, the
tetraspanin-binding protein Glu-Trp-Ile (EWI) motif–containing protein 2 (EWI-2)
specifically interacts with negatively charged PIPs (38). Our data support the idea that the
absence of specific tetraspanins can negatively influence the recruitment of PKC, leading
to aberrant PKC function and inhibiting subsequent downstream signaling. These findings
support a previously uncharacterized mechanism of localized PKC signaling at the plasma
membrane, which may not be limited to BCR-induced signaling considering the important
role of PKC in signaling by other (immune) receptors (39). The local recruitment of PKC
to tetraspanins is of functional importance, because the phosphorylation of PKC substrates
was impaired in Cd53-/- B cells after stimulation. The implications of this finding may be
considerable given that PKCβ plays an important role in B cell biology. In B cells, PKCβ
targets the CARD11/Bcl10/MALT (CBM) signaling complex and thereby has a critical
and nonredundant function in stimulating the activation of nuclear factor kB (NF-κB) (3).
The effects on downstream signaling that we observed in Cd53-/- B cells are most likely
a result of the impaired recruitment of PKCβ to the plasma membrane. The presence of
97

4

Chapter 4

other PKC-binding tetraspanins, such as CD9, CD151, and CD81, on Cd53-/- B cells did not
compensate for this defect, suggesting that individual tetraspanins have specific functions.
Indeed, CD81 is crucial for the localization of the co-receptor CD19 in close proximity to
the BCR at the plasma membrane (40). The finding that the tetraspanin CD151 recruits
PKCα to the integrin α6β4, which modulates the PKCα-dependent phosphorylation of β4
integrin in tumor models, underscores the importance of tetraspanins in PKC function (16,
41). Moreover, it is becoming increasingly clear that tetraspanins are key players in tumor
initiation, promotion, and metastasis (42).
Based on our results and other studies that demonstrate that tetraspanins organize
signaling proteins in the tetraspanin web (11–13, 43), we conclude that tetraspanincontaining microdomains can act as signaling hotspots for PKC activation in the plasma
membrane of B cells. Our data support a general mechanism of localized PKC signaling
at tetraspanin-containing microdomains in which compartmentalization of PKC enzymes
and their substrates controls the efficiency of PKC signaling. Tetraspanins have been
implicated in the regulation of many signaling pathways (11, 43, 44), and our current
findings increase our understanding as to why a deficiency in tetraspanins leads to defects
in human biology (45–49).
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Introduction
The adaptive immune response relies heavily on the activation, proliferation and
differentiation of T cells, in order to function properly. This activation is the direct result
of T cell receptor (TCR) binding to peptide-MHC (pMHC) complexes on the surface
of antigen presenting cells (APC). The interaction between these two surface receptors
initiates the formation of the immunological synapse, a dynamic interface through which
APCs and T cells exchange information through sustained signaling. Downstream of the
TCR, signaling is propagated through different protein tyrosine kinases (PTKs), including
Lck and ZAP70. The ensuing signaling pattern is the result of a tightly controlled balance
between protein phosphorylation and dephosphorylation, both of which, depending on
the context, can activate or inhibit signaling molecules. Protein tyrosine phosphatases
(PTPs) are very important in the TCR signaling process as a counterpart to the PTKs,
but still understudied. This vital role is reflected in their expression pattern, with more
than half of the known PTPs reported to be expressed by T cells1. One of the most
important PTPs expressed by T cells is the transmembrane protein CD45, which occupies
approximately 10 % of the T cell surface and can be found on all nucleated hematopoietic
cells2, 3. In the absence of CD45, murine T cell development and activation are severely
impaired, highlighting the importance of this protein for normal T cell function4.
Thymocyte maturation is blocked at the immature CD4+ CD8+ double-positive stage in
CD45-deficient mice4. Furthermore, mutation of CD45 in humans has been linked to
severe combined immunodeficiency (SCID) and autoimmune disorders5, 6.
CD45 is a large single pass transmembrane glycoprotein (180-220 kDa) responsible
for dephosphorylating the tyrosine kinase Lck at position Y505 in T cells, thereby relieving
the auto-inhibition of Lck7. Activated Lck is then able to directly phosphorylate the TCR
and ZAP70, and thereby initiates the T cell signaling cascade. CD45 is encoded by 35
exons, producing multiple isoforms through selective inclusion of exons 4-6, which
are involved in alternative mRNA splicing8. At the protein level, exons 4, 5 and 6 are
referred to as A, B and C respectively, and the resulting protein products are given names
with letters specifying the included exons with the letter R preceding, to indicating that
the protein is restricted to the exons denoted. Thus, the largest isoform, containing all
three exons, is known as CD45RABC while the smallest isoform which lacks all three
exons is denoted as CD45RO. Five main isoforms are reported to be expressed on human
T cells, namely, CD45RO, CD45RB, CD45RAB, CD45RBC and CD45RABC. In mice 4
major isoforms have been identified, these include CD45RO, CD45RB, CD45RBC and
CD45RABC8, 9.
Naïve human T cells express mainly the high molecular weight (MW) isoforms
containing the A exon (CD45RA+ cells). This expression pattern is lost upon antigen
encounter and activation, and activated T cells gain expression of the low MW isoform
CD45RO (CD45RO+ cells). Murine T cells have been reported to undergo a similar
switch upon activation, by losing an isoform expressing exon B, and gaining expression
of a lower molecular mass isoform lacking exon B, likely CD45RO based on the reported
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molecular weight10. Despite the importance of CD45 in the immune system, the
regulation of CD45, especially isoform-specific regulation, remains poorly understood.
Here we show for the first time that the RO isoform of CD45 in T cells is regulated by
interaction with the tetraspanin protein CD53.
Tetraspanins are a family of 4-transmembrane proteins involved in the organization
of proteins on the cells surface. They interact with each other and with partner proteins,
forming membrane structures known as tetraspanin enriched microdomains (TEMs).
Tetraspanins have been shown to play important roles in numerous cell functions
including, adhesion and migration, fusion and cell signaling11, 12, 13, 14. Though immune
cells express many tetraspanin proteins, there are only two known immune-specific
tetraspanins: CD37 and CD53. We have previously shown that CD53 plays a role in the
regulation of B cell signaling, but CD53 function in T cells remains unknown14.
Here we report a novel molecular interaction between CD45RO and CD53 in both
human and murine T cells. Our findings indicate that tetraspanin CD53 is required for
stabilization of CD45RO on the T cell surface, and CD53-deficiency impairs the activation
and proliferative capacity of T cells.

Materials and Methods
Antibodies and dyes
The following antibodies were used: anti-human CD53 (MEM-53, Biorad), anti-human
CD53-488 (MEM-53, Novus Biologicals), anti-human CD3 (OKT3, Bio X cell, antihuman CD28 (9.3 Bio X Cell), anti-human CD45 (REA747, Miltenyi), anti-human
CD45RA-PE (HI30,Biolegend), anti-human CD45RO-APC (UCHL1, BD Pharmingen),
anti-human CD3-PE (HIT3a, BD Pharmingen), anti-human CD4-APC (RPA-T4,
Biolegend), anti-human CD4-PerCP (RPA-T4, Biolegend), anti-human CD8-FITC
(RPA-T8, BD Pharmingen), anti-human CD8-APC (RPA-T8, BD Pharmingen), antihuman CD25-PE (M-A251, BD Pharmingen), anti-human CD69-PerCP (L78, BD
Pharmingen), anti-human CD53 (TS5315), anti-human CD45 (IOL1, Immunotech), antihuman CD45RA (MEM-56, Novus Biologicals), anti-human CD45RO (UCHL-1, Thermo
Fisher Scientific), anti-mouse CD3 (17A2, Bio X Cell), anti-mouse CD28 (37.51, Bio X
Cell), anti-mouse CD28 (37.51, BD Pharmingen), anti-mouse CD3-APC (145-2C11,
Biolegend), anti-mouse CD3-FITC (17A2, Biolegend), anti-mouse CD4-FITC (RMA45, Biolegend), anti-mouse CD4-PerCP (RMA4-5, Biolegend), CD8-PE (53.6-7, BD),
CD8-PerCP (53.6-7, BD Pharmingen), anti-mouse CD25-APC (PC61.5, eBioscience),
anti-mouse CD69-PE (H1.2F3, BD Pharmingen), anti-mouse CD44-PeCy7 (IM7,
Biolegend), anti-mouse CD62L-BV510 (MEL-14, Biolegend), goat anti-Syrian hamster
IgG H&L Alexa Fluor 647 (Invitrogen), anti-mouse IL2-PE (JES6-5H4, Biolegend), antimouse IL-2 (JES6-1A12, BD), anti-mouse IL-2 biotin (JES6-5H4, BD),CellTrace Violet
(Thermo Fisher Scientific).
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Cell lines
Human T cell lines, CCRF-CEM and Jurkat, and the human B cell line Raji were used
which are all widely used to study lymphocyte activation and signaling 16, 17. Jurkat,
CEM and Raji cells were maintained at 37 °C in 5 % CO2. Cell were cultured in RPMI
1640 (Gibco) supplemented with 10 % fetal bovine serum (FBS; Hyclone), 1 % stable
glutamine (PAA) and 1 % antibiotic-antimycotic (Gibco).

Isolation of human primary T cells
Human primary T cells were isolated from buffy coats obtained from healthy volunteers
and in accordance with the recommendations of institutional guidelines. All subjects
gave written informed consent in accordance with the Declaration of Helsinki. Pan T
cells were isolated from peripheral blood leukocytes using the Pan T cell isolation kit
according to manufacturer’s instructions (Miltenyi Biotec). Isolated human T cells were
cultured in X-VIVO-15 medium supplemented with 2 % human serum.

Mice
Generation of Cd53−/− mice has been described previously (Zuidscherwoude et al. 2017).
Cd53−/− mice and sex- and aged-matched C57Bl/6J WT (Cd53+/+) littermate mice were
bred at the Central Animal Laboratory, Nijmegen (The Netherlands). Mice were housed
in top-filter cages and fed a standard diet with freely available water and food, and used
at 8 to 12 weeks of age. All in vivo studies complied with European legislation and were
approved by the local animal ethical committee for the care and use of animals with
related codes of practice.

Isolation of murine primary T cells
Resting primary immune cells were isolated from either thymus, spleen or inguinal lymph
nodes of WT and Cd53-/- mice (as indicated in figure legends). Organs were digested
using collagenase type III (Worthington) and DNAse I (New England Biolabs) before
being passed through a 100 μm filter. T cells were isolated using the Pan T Cell isolation
kit II according to the manufacturer’s instructions (Miltenyi Biotec). Cells were cultured
in RPMI 1640 (Gibco) supplemented with 10 % fetal bovine serum (FBS; Hyclone), 1 %
stable glutamine (PAA) and 1 % antibiotic-antimycotic (Gibco), 1mM sodium pyruvate
and 0.1 % 2-mercaptoethanol. Isolated cells were used for experiments as described
below.

Cell labeling and immunoprecipitation
For surface labeling, cells were washed three times in Hank’s buffered saline and
incubated in PBS containing 0.5 mg/ml EZ-link-Sulpho-NHS-LC-biotin biotin (Pierce,
Rockford, IL, USA). After 30 min of incubation at 4 ˚C, cells were washed three times
in PBS to remove free biotin. Labeled cells were lysed at the concentration of 2 x107/ml
in lysis buffer containing 10 mM Tris, pH 7.4, 150 mM NaCl, 0.02% NaN3 and protease
inhibitors and supplemented with 1% Brij97 (Sigma) plus 1 mM EDTA. After 30 min at
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4 °C the insoluble material was removed by centrifugation at 12000 g and proteins were
immunoprecipitated by adding specific antibodies and 30-50 µl of Protein G–Sepharose
beads (Amersham Biosciences, Rainham, Essex, U.K.) to 200–2500 µl of cell lysate. After
a 2 hour incubation at 4 ˚C under constant agitation, the beads were washed five times
in lysis buffer. For reprecipitation, the proteins co-precipitated with tetraspanins were
eluted in lysis buffer supplemented with 1% Triton X-100 and 0.2% SDS and identified
by a second immunoprecipitation using specific antibodies. The immunoprecipitates were
separated by SDS/PAGE (5–15% gel) under non-reducing conditions and transferred
to a PVDF membrane (Amersham Biosciences). Biotin-labelled surface proteins were
revealed using Alexa Fluor 800-labelled streptavidin (Invitrogen). The data were acquired
using the Odyssey Infrared Imaging System (LI-COR Biosciences).

Flow Cytometry
Cells were isolated as described above, and incubated for the indicated time-points in
the presence or absence of stimulatory factors. Cells were then collected, stained with
relevant antibodies and analyzed by flow cytometry (FACSVerse BD). For intracellular
flow cytometry, cells were fixed and permeabilized using the Cytofix/Cytoperm kit
from BD. Cells were then stained using standard method.

T cell proliferation assays (human and murine)
One day prior to primary cell isolation flat-bottom high binding 96-well plates (Greiner
Bio-one) were coated with indicated antibody combinations in 100 μL PBS and incubated
overnight at 4 °C. Plates were washed two times with PBS to eliminate unbound
antibody before addition of cells. After isolation, cells were allowed to rest for 1 hour
prior to staining with CellTrace Violet (Thermo Fisher Scientific) in accordance with
the manufacturer’s instructions. After staining, cells were washed thoroughly with PBS
before plating 1.5x105 cells to each well. Cells were then incubated for the indicated
time at 37 °C, 5 % CO2, after which cells were stained for CD3, CD4 and CD8 and
analyzed by flow cytometry (FACSVerse BD). FCS Express 6 software was used to
analyze the proliferation of T cells based on CellTrace Violet staining. The proliferation
index is defined as the average number of proliferation rounds the cells have undergone
over a period of time.

KLH immunizations and ex-vivo recall assay
Eight-week old female WT and Cd53-/- mice were immunized on day 0, 7 and 14 with
NP-KLH (N-5060-5 Biosearch Technologies) or PBS as a control. Mice each received 100
μg NP-KLH adsorbed onto alum (Sigma) on day 0 followed by subsequent immunizations
with 75 μg NP-KLH with alum per mouse on day 7 and 14. Spleens, inguinal lymph
nodes and serum were harvested on day 21. Organs were processed as described in the
above section, and T cells were isolated using the Pan T Cell isolation kit II according to
the manufacturer’s instructions (Miltenyi Biotec). Naïve antigen presenting cells were
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isolated from an unimmunized (naïve) WT mouse by depleting T cells from the spleen
using the CD3ε microbead kit according to the manufacturer’s instructions (Miltenyi
Biotec). T cells were stained with CellTrace Violet as described in the above section,
and plated in 96-well flat-bottom plates at 1.5x105 T cells per well with/without 2x104
antigen presenting cells isolated from naïve WT spleen. Cells were then stimulated with
medium only (control) or 100 μg NP-KLH for 96 or 120 hours, after which cells were
stained for CD3, CD4 and CD8 and analyzed by flow cytometry (FACSVerse BD). FCS
Express 6 was used to analyze the proliferation of CD4+ T cells based on CellTrace
Violet staining and to determine the proliferation index as described above.

IL-2 ELISA
IL-2 levels were measured using ELISA. These were performed on supernatants
collected from stimulated primary T cells at the indicated time-points. For human T
cells, the human IL-2 ELISA kit was used in accordance with manufacturer’s instructions
(Thermo Fisher Scientific). Murine IL-2 ELISA’s were performed using the mouse IL-2
ELISA kit (Thermo Fisher Scientific).

Micro-contact printing
Jurkat T cells were transiently transfected using the Neon transfection system according
to manufacturer’s instruction, and cells were imaged 24 hours post-transfection (Thermo
Fisher Scientific). Super sGFP2-CD53 was generated by subcloning hCD53 cDNA
(NM_000560, Thermo Scientific) into psGFP-C118. The construct encoding human
CD37 was previously described and subcloned into psGFP2-C1 vector19. mCherryPKCθ was generated by subcloning of hPKCθ (GenScript) into mCherry-N120.
Poly(dimethylsiloxane) stamps containing a regular pattern of circular spots with a
diameter of 5 μm were prepared as described previously21, 22. Stamps were incubated
for 1 hour with phosphate-buffered saline (PBS) containing anti-CD3 and anti-CD28
antibodies or isotype control antibodies (100 μg/ml) mixed with donkey anti-rabbit
IgG (H&L)–Alexa Fluor 647 (10 μg/ml, Invitrogen) to visualize the spots. Stamps were
washed with demineralized water and dried under a nitrogen stream. The stamp was
applied to a cleaned glass coverslip for 20 s and then removed. Transfected cells were
seeded on the stamped area and incubated at 37°C for 5 min. Paraformaldehyde (PFA)
was added to the cells to a final concentration of 2 % PFA, or the coverslips were
washed with PBS and fixed with 2 % PFA in PBS for 20 min at room temperature.
Samples were washed with PBS and demineralized water and embedded in Mowiol
(Sigma). Cells were imaged on an epifluorescence Leica DMI6000 microscope with a
63× oil 1.4 NA objective, a metal halide EL6000 lamp for excitation, a DFC365 FX
CCD camera (Leica), and GFP, DsRed, and Y5 filter sets (for GFP, RFP, and Alexa Fluor
647, respectively; all from Leica). Focus was kept stable with the adaptive focus control
from Leica.
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Transfection and Fluorescence Lifetime Imaging Microscopy (FLIM)
Jurkat T cells were transiently transfected using the Neon transfection system according
to manufacturer’s instruction, and cells were imaged 24 hours post-transfection
(Thermo Fisher Scientific). mCitrine-CD53 was generated by subcloning hCD53 cDNA
(NM_000560, Thermo Scientific) into pmCitrine-C123. mCherry-PKCθ was generated
by subcloning of hPKCθ (GenScript) into mCherry-N120. Phorbol 12-myristate
13-acetate (PMA) was used to induce the translocation of PKCθ to the membrane. Livecell microscopic analysis for FLIM in Jurkat T cells was performed on a SP8 confocal
microscope equipped with a 60× water 1.2 NA objective (Leica) using appropriate laser
lines and settings. FLIM images were recorded using the same setup with an excitation
light at 495 nm provided by a pulsed white-light laser (Leica). Fluorescence (from
500 to 535 nm) was collected with an internal photomultiplier tube and processed by
a PicoHarp 300 time-correlated single-photon counting system (PicoQuant). At least
50,000 photons were recorded for each individual cell.
To obtain the fluorescence lifetimes, photon histograms containing all photons
pooled for each individual cell were reconstructed from the photon traces with a
custom programmed algorithm (C#.NET), and these histograms were fitted with
single-exponential decay curves (OriginLab) to obtain donor fluorescence lifetimes. A
biexponential fit was used to obtain the percentages of bound donor. The typical lifetime
of the donor was a fixed fitting parameter in this analysis.

Generation of human CD53-deficient CEM T cells by CRISPR/Cas9mediated genome editing
One guide RNA pair targeting sequences TGATAGAGCCCATGCAGCCCAGG and
GTGAGTCCTTACAGCAGATGTGG within the CD53 gene were designed using the
Massachusetts Institute Technology CRISPR design tool24 and subcloned into the px335
Cas9 vector as described before25. CEM T cells were seeded on day 0 at an optimal density
of 3 x105 cells/ml. On day 1 cells were transfected with 1 μg of each of the two guide RNA
plasmids and 0.5 ug of pGFP2-C1 vector with a Neon Transfection System Kit and Neon
Transfection System (Thermo Fisher Scientific) according to manufacturer’s guidelines as
described for this cell line. On day 3, CEM cells were selected by fluorescence-activated
cell sorting based on GFP expression using FACS Aria III (BD Bioscience). Eight days
later, CD53-negative CEM cells were selected by fluorescence-activated cell sorting
using an AF488-conjugated antibody against CD53 (MEM53, Novus Biologicals). CD53
deficiency was validated by flow cytometry and Western blotting.

FRAP of WT and CD53-/- CEM T cells
WT and CD53-/- CEM T cells were transfected using the Neon transfection system
(Thermo Fisher Scientific) with 2 µg of plasmid encoding for human CD45RO-GFP.
CD45RO construct was made to order by Genscript and re-cloned in house into a
psGFP2-N1 vector. 24 hours post-transfection cells were seeded in Willco dishes and
FRAP was performed using a Leica TCS SP8 SMD microscope equipped with a 60× water
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1.2 NA objective (Leica) and an argon-ion laser set to bleach with 40 % power at the
488 nm wavelength. We measured the fluorescence intensity in the bleach zone as well
as the whole cell and background in order to correct for photobleaching and background
signal. Immobile and mobile fractions were calculated manually and confirmed using
the easyFRAP web tool26. Fitting of the average curve was performed with OriginPro 8
(Originlab).

CD45 Internalization Assay
CD53-/- and WT CEM T cells were transfected using the Neon transfection system
(Thermo Fisher Scientific) with 2ug of plasmid encoding for human CD45RO-GFP. 24
hours post-transfection, cells were labeled with an anti-CD45RO antibody and incubated
at 37°C (5% CO2) for 0, 3, 6 and 24 hours post-labeling. Upon harvesting, cells were
fixed in 4 % PFA, and stained with a secondary Alexa-647 antibody to quantify the
amount of CD45RO antibody remaining on the surface. Cells were then measured using
flow cytometry (FACSVerse BD), and analysis was performed using the FlowJo software
package.

Statistical analysis
All statistical comparisons were made with GraphPad Prism 5 software, and data are
expressed as means ± SEM, SD, or 95% CI as indicated in the figure legends. Differences
between means were analyzed with Student’s t tests or two-way ANOVA as indicated in
the legends. Statistical significance was set at P < 0.05.

Results
CD53 is a novel partner of CD45
In order to investigate the role of CD53 in T cell function, we performed
immunoprecipitations (IPs) followed by mass spectrometry to identify novel interacting
partners. CD53 and CD81 were immunoprecipitated from Raji B cell lysates under
varying conditions (Figure 1A). As shown, a defined protein band of approximately 200220 kDa was obtained for both CD81 and CD53 IPs. This interaction seemed quite robust
for CD53, since this band was still seen after IP was performed in the presence of Triton
X-100 detergent. Although this molecular weight band was also visible in the CD81 IP,
it was clearly less strong than the band in the CD53 IP. Unbiased mass spectrometry
analysis identified this band as the protein tyrosine phosphatase CD45 (Eric Rubinstein,
personal communication). To confirm these results, the cell surface was biotinylated and
IPs were performed for various tetraspanins, including CD53, CD45 itself, and a control
membrane protein (CD55). Once again, this high molecular weight band was observed to
specifically immunoprecipitate with CD53, in contrast to the other analyzed tetraspanins
(CD81, CD82, CD151) and CD55 (Figure 1B). These data indicate that CD45 interacts
selectively with CD53 and is not a general tetraspanin partner. Because CD45 is known
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to be vital in the activation of T cells, we next investigated whether there was also a direct
interaction between CD53 and CD45 in the T cell line CEM. In line with the findings
in B cells, we observed clear co-IP of CD53 with two CD45 isoforms (CD45RO and
CD45RA), indicating that this interaction in also present in T cells (Figure 1C). Based on
these findings we report CD53 as a novel interaction partner for CD45 in lymphocytes.
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Figure 1. CD45 interacts directly with CD53 in B and T cells.
(A) SDS-page gel stained with coomassie blue, containting samples from CD53 and CD81 IPs performed in Raji
B cells under varying conditions, as indicated at the bottom of the figure. Arrow and outlined box indicate the
molecular weight of CD45. (B) Western blot of CD81, CD53, CD82, CD151, CD55 and CD45 IPs perfomed in
Raji B cells under varying conditions, as indicated at the bottom of the figure. Cell surface proteins are visualized
by biotin labelling. Based on molecular weight, known tetraspanin partners are listed on the left side of the
figure, arrows indicate the bands assumed to be attributable to these partner proteins. Outlined box indicates the
molecular weight of CD45. (C) Western blot of co-IP of CD53 with CD45RO and with CD45RA performed in
CEM T cells. Arrows indicate the molecular weight of CD45, CD45RO and CD45RA, respectively. Antibodies
directed against CD45RA and RO specifically were used to probe the western blot membrane.

CD53 acts as co-stimulatory molecule in primary T cell activation
Having established that CD45 specifically interacts with CD53, we hypothesized that CD53
may play a role in activating T cells through CD45. To investigate this, we purified CD4+
and CD8+ T cells from peripheral blood of healthy donors and stimulated these primary
human T cells with different combinations of CD3, CD53 and CD28 antibodies and analyzed
proliferation in time. Significant proliferation was induced by the combination of anti-CD3 and
anti-CD53 (anti-CD3/CD53), or the combination of anti-CD3 and anti-CD28 (anti-CD3/
CD28) stimulation in both CD4+ and CD8+ T cell populations (Figure 2A-C). Proliferation
induced by the anti-CD3/CD53 combination was considerable higher than that observed for
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anti-CD3 or anti-CD53 alone, reaching about 50% of the proliferation induced by the positive
control (anti-CD3/CD28 stimulation) at 96h in both CD4+ and CD8+ T cells (Figure 2B-C).
These data indicate that CD53 can act as co-stimulatory molecule in T cells. In line with this,
the anti-CD3/CD53 induced proliferation was characterized by the change from a naïve to
an effector T cell phenotype as shown by the switch from CD45RA to CD45RO expression
(Figures 2D & E), similar to the anti-CD3/CD28 stimulated T cells. Interestingly, we observed
a significantly increased CD53 expression at the T cell surface upon anti-CD3/CD53 or antiCD3/CD28 stimulation, further implicating CD53 in T cell activation (Figure 2F). Finally,
IL-2 production by T cells was readily detected upon anti-CD3/CD28 stimulation, in contrast
to anti-CD3/CD53 stimulation (Figure 2G). To analyze whether this was due to retention of
IL-2, intracellular IL-2 levels were measured by flow cytometry (Figure 2H). We observed
no significant difference in intracellular IL-2 expression between T cells stimulated with antiCD3/CD53 and cells stimulated with anti-CD3/CD28 indicating that T co-stimulation by
CD53 operates via a different pathway than co-stimulation by CD28.

T cell proliferation is impaired in the absence of Cd53 but
development is normal
In order to better understand the role of CD53 in T cell function, we first investigated
whether the absence of CD53 had any effect on the development of T cells. Thymi, spleens
and lymph nodes were isolated from 6 week old Cd53-/- and WT (Cd53+/+ littermate)
mice and analyzed for percentages of CD4+ and CD8+ T cell populations. No differences
in the percentages of CD4+, CD8+, or double positive T cell populations were observed
(Figure S1A), nor was there any difference in the percentage of memory or naïve T cells,
in either spleen or lymph nodes between WT and Cd53-/- mice (Figure S1B). In addition,
similar expression level and percentages of CD3+, CD4+, CD8+ and CD28+ T cells were
found in WT and Cd53-/- mice, with the exception of the percentage of CD3+ cells in the
lymph node compartment which was higher in Cd53-/- mice (Figure S1C) due to a B cell
deficit (Mark Wright, personal communication). Taken together, these data indicate that
CD53 is not required for T cell development in mice.
Next, we investigated whether the absence of CD53 altered the functional capacity
of these cells. Splenic T cells were isolated from WT and Cd53-/- mice and labeled to
track cell division upon anti-CD3/CD28 stimulation. We observed that proliferation
was markedly reduced for both CD4+ and CD8+ Cd53-/- T cells compared to WT T cells
(Figure 3A-B). Quantification revealed a significantly decreased proliferation index for
Cd53-/- T cells compared to WT T cells for both CD4+ and CD8+ subsets (Figure 3C
& D). Additionally, further characterization of these T cells revealed no differences in
the expression of the activation markers CD25 and CD69 on the surface of WT and
Cd53-/- T cells after stimulation with PMA or anti-CD3/CD28 (Figure 3E). Moreover,
no differences were seen in the levels of IL-2 produced by these cells after anti-CD3/
CD28 stimulation (Figure 3F). Overall, these results indicate that the activation of T
cells is impaired in the absence of CD53, and that the role of CD53 in this activation is
independent of IL-2 production.
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Figure 2. CD53 co-stimulates primary human T cells.
(A) CFSE measured by flow cytometry for CD4+ and CD8+ T cells of one representative donor at 72 and 96
hours post-stimulation. CD3-, CD3/CD53- and CD3/CD28-antibody stimulated samples are indicated by the
dashed line, gray filling and black line, respectively. (B) Proliferation index for unstimulated and CD53-,CD3-,
CD3/CD53- and CD3/CD28-antibody stimulated CD4+ and CD8+ T cells at 72 and 96 hours post-stimulation.
Data points are derived from eight donors collected over four individual experiments. Statistical significance
was assessed by unpaired t test. (C) Alternate quantification of data presented in (B). Statistical significance was
assessed by two-way ANOVA. (D) Two-parameter zebra plots depicting the transition of T cells from CD45RA
positive to CD45RO positive in time, after stimulation with anti-CD3/CD53 or anti-CD3/CD28, data is derived
from one representative donor. (E) Quantification of data presented in (D) for six donors over three individual
experiments. (F) Expression of CD53 on T cells measured by flow cytometry 72 hours after stimulation with
either nothing or CD53-, CD3-, CD3/CD53- and CD3/CD28-antibodies. Changes are indicated as fold-change
relative to unstimulated samples. Statistical significance was assessed by unpaired t test. Data is derived from six
donors over three individual experiments. (G) IL-2 production measured by ELISA in cells stimulated for 24
hours with either nothing or CD53-, CD3-, CD3/CD53- and CD3/CD28-antibodies. Statistical significance
was assessed by unpaired t test. Data is derived from six donors over three individual experiments. (H) IL-2
production measured by intracellular flow cytometry in cells stimulated from 24 hours with either nothing or
CD53-, CD3-, CD3/CD53- and CD3/CD28-antibodies. Statistical significance was assessed by one-sample t
test. Data is derived from six donors over three individual experiments. All data are means ± SEM (* p<0.05,
** p>0.01, *** p> 0.001)

Cd53-/- T cells have impaired recall capacity in vivo
Based on our finding that naïve CD53-negative T cells are impaired in proliferation, we
decided to investigate whether this also extended to T cell recall responses based on in
vivo activation. To analyze the function of CD53 on T cells in vivo, we investigated T cell
recall responses by immunizing Cd53-/- and WT mice with multiple doses of keyhole
limpet haemocyanin (KLH) adsorbed to the adjuvant alum, or immunization with PBS
as a control (Figure 4A). Post-immunization, isolated T cells were labeled to track
proliferation and restimulated with KLH in the presence of naïve WT APCs. In line with
our in vitro data, we observed that the in vivo primed, antigen-specific, CD4+ T cells
from Cd53-/- mice, showed reduced proliferation upon restimulation with KLH compared
to WT T cells (Figure 4B). Non immunized (PBS injected) mice showed no significant
proliferation for either genotype, ensuring that the response measured was specifically
induced by recognition of the KLH antigen. Quantification revealed significantly lower
proliferation indexes for the CD4+ T cells of Cd53-/- mice compared to the WT mice
(Figure 4C-D). Moreover, a significantly higher percentage of T cells from WT mice
entered cell division compared to T cells from Cd53-/- mice. Taken together, these results
demonstrate that the absence of CD53 impairs the T cell response in vivo.
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Figure 3. Cd53-/- mice show impaired T cell proliferation responses.
(A) CFSE measured by flow cytometry for CD4+ and CD8+ T cells of one WT and one Cd53-/- mouse at 72 and 96
hours post-stimulation. Anti-CD3 stimulated samples are indicated by dashed line and light gray for WT and Cd53-/- ,
respectively. Anti-CD3/CD28 stimulted samples are indicated by solid black line and dark gray for WT and Cd53-/- ,
respectively. (B) Percentage of CD4+ and CD8+ T cells per division as tracked by CFSE at 72 and 96 hours poststimulation. WT and Cd53-/- data points indicated by unfilled squares and gray filled circles, respectively. Data is
derived from nine mice per genotype, collected over three individual experiments. Statistical significance was assessed
by two-way ANOVA. (C) Proliferation index of WT and Cd53-/- T cells at 72 and 96 hours post-stimulation, CD4+
and CD8+ T cell populations shown separately. Data points are derived from nine mice per genotype collected over
three individual experiments. Statistical significance was assessed by unpaired t test. (D) Alternate quantification of data
presented in (C). Statistical significance was assessed by two-way ANOVA. (E) Expression of CD69 and CD25 on WT
and Cd53-/- T cells as measured by flow cytometry 24 hours after stimulation with either nothing, PMA or anti-CD3/
CD28. gMFI of signal is indicated per graph on the right side. Data was gathered from six mice per genotype from two
independent experiment. Representative data from WT and Cd53-/- mice is shown. (F) IL-2 production measured by
ELISA for WT mice (white bars) and Cd53-/- mice (gray bars) at 24 and 48 hours after stimulation with either nothing
or anti-CD3/CD28. Data is derived from nine to ten mice per genotype per time point, collected over five independent
experiments. Statistical significance was assessed by unpaired t test. All data are means ± SEM (* p<0.05, ** p>0.01,
***p> 0.001).
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Figure 4. T cells of Cd53-/- mice show impaired recall response post-immunization.
(A) Graphical overview of experimental schedule and design. (B) CFSE measured by flow cytometry for CD4+
T cells of both KLH and PBS immunized WT mice (black line) and Cd53-/- mice (gray filled) at 96 and 120 hours
post-stimulation with 100 μg/ml KLH in the presence of naive WT APCs. Data was gathered from six mice per
genotype from two independent experiments. Representative data from one WT and one Cd53-/- mouse is shown.
(C) Proliferation index of CD4+ T cells from PBS and KLH immunized WT and Cd53-/- at 96 and 120 hours
post-stimulation. Data points are derived from six mice per genotype collected over two individual experiments.
Statistical significance was assessed by unpaired t test. (D) Alternate quantification of data presented in (C).
Statistical significance was assessed by two-way ANOVA. (E) Percentage of cells from the total CD4+ population,
isolated from KLH immunized mice, entering division upon KLH restimulation in vitro. Data points are derived
from six mice per genotype collected over two indepenent experiments. Statistical significance was assessed by
unpaired t test. All data are means ± SEM (* p<0.05, ** p>0.01, *** p> 0.001).

CD53 is recruited to the site of TCR activation but does not interact
with PKCθ
Since CD45 is known to function during early TCR signaling at the immunological synapse,
we investigated whether CD53 was also recruited to sites of heavy TCR signaling. To achieve
this, we examined the localization of CD53 during TCR signaling using the micro-contact
printing technique14. This allows us to analyze the recruitment of membrane proteins to
discrete areas of TCR signaling in live cells. Jurkat T cells were transfected with CD53green fluorescent protein (GFP) or CD37-GFP as control. Transfected T cells were seeded
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on surfaces containing either anti-CD3/CD28 or isotype control antibodies, after which
localization of CD53 and CD37 was assessed. We observed specific recruitment of CD53 to
the contact site with the anti-CD3/CD28 stamp, but not to the isotype stamp (Figure 5A).
CD37 on the other hand showed no recruitment to either the isotype or the anti-CD3/
CD28 stamp, indicating that the recruitment triggered by TCR activation is specific to
CD53 (Figure 5B). Quantification showed that the CD53 signal was significantly increased
at the stamp contact site, in contrast to CD37 (Figure 5C). Based on our previous study
that demonstrated a direct interaction between CD53 and PKCβ in B cells, we investigated
whether such interaction was also present in T cells14. Using micro-contact printing we
found that PKCθ was also recruited to the TCR signaling sites, which was contemporaneous
with CD53 recruitment (Figure S3A-B). Next, we assessed whether there was a direct
interaction between CD53 and PKCθ using fluorescence imaging microscopy (FLIM).
Jurkat T cells transfected with either CD53-mCitrine alone or with CD53-mCitrine and
mCherry-PKCθ were stimulated with phorbol myristate acetate (PMA) to induce PKCθ
membrane recruitment. We observed no decrease in the lifetime of donor fluorophore
mCitrine upon translocation of PKCθ to the membrane, indicating that there is no direct
interaction between CD53 and PKCθ upon T cell activation (Figure S3C).
Together these data demonstrate that tetraspanin CD53 is selectively recruited to TCR
signaling sites. In addition, CD53 does not control the recruitment and/or stabilization
of PKC upon T cell stimulation.

CD53 is important for the mobility and stability of CD45RO on the
T cell surface
Our findings indicate that tetraspanin CD53 interacts specifically with CD45 in T cells. To
better understand this interaction, we created a human CD53-/- T cell line by applying CRISPR/
Cas9 technology (Figure 6A). General characterization of the CD53-/- T cell line revealed no
significant differences in the expression of CD3, CD4 and CD28 protein compared to the WT
parental cell line (Figure S2). Interestingly, upon loss of CD53,T cells exhibited a striking change
in the expression profile of CD45. Despite observing only a slight overall decrease in the total
expression of CD45, a remarkable difference was observed in the expression of CD45RA and
CD45RO between CD53-/- and WT T cells (Figure 6B). WT T cells expressed predominantly
CD45RO (approx. 60%), with a smaller population (approx. 20%) of CD45RA-positive
cells. This profile was inverted in CD53-/- T cells, with a small CD45RO-positive population
(approx. 20%), and a large CD45RA-positive population (approx. 50-60%) present in these
cells. This remarkable difference in CD45 isoform expression induced only by the removal
of CD53 from the cell surface, led us to hypothesize that CD53 may be specifically required
for the stabilization of CD45RO at the plasma membrane. In order to investigate whether
CD53 interacts with CD45RO in order to stabilize this protein, fluorescence recovery after
photo-bleach (FRAP) was applied. CD53-/- and WT cells transfected with CD45RO fused to
GFP were subjected to FRAP microscopy. We observed an increased mobility of CD45RO in
CD53-/- T cells compared to WT T cells, indicating that CD53 does interact with CD45RO, in
turn regulating the spatio-temporal localization of CD45RO (Figures 6C-F)
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Figure 5. CD53 is recruited to TCR signaling sites.
(A) Jurkat T cells expressing GFP-CD53 were seeded on isotype control or anti-CD3/CD28 prints and CD53
recruitment was analyzed after 8 minutes by epifluorescence microscopy. Left: overview of multiple cells. Right: larger
magnification of one representative cell. (B) Jurkat T cells expressing GFP-CD37 were seeded on isotype control or antiCD3/CD28 prints and analyzed after 8 minutes by epufluorescence microscopy. Left: overview of multiple cells. Right:
larger magnification of one representative cell. (C) Ratio between the average CD53 (left) or CD37 (right) intensity
on the antibody print and that outside of the print. Data represents analysis of >30 cells from three independent
experiments. Statistical significance was assessed by one-sample t test. Data are means ± SEM (* p<0.05, ** p>0.01,
*** p> 0.001). Scale bars represent either 10 μm (left panels) or 5 μm (right panels) as indicated in the bottom right
corner of the leftmost images. Arrows indicate TCR signaling sites showing CD53 recruitment.
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These findings combined with the loss of CD45RO expression on the surface of CD53negative T cells, may be explained by a reduced stability of CD45RO in the absence of CD53.
To investigate this, CD45 internalization analysis was performed on WT and CD53-/- T cells.
The results demonstrated that CD45RO had a significantly higher rate of internalization
in the absence of CD53 (74.53% CD45RO positive cells in WT versus 52.57% in KO
after 24h). This finding confirmed that the stability of CD45RO on the T cell membrane
is dependent on tetraspanin CD53 (Figure 6F-G). Together our findings demonstrate that
CD53 is important for the mobility and stability of CD45RO on the T cell surface.
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(A) Graphical overview of the CRISPR/Cas9 technique as applied to CEM T cells to knock out CD53. (B) Left:
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graphs represent pan-CD45 stained WT and CD53-/- CEM T cells, respectively. Middle and right: two-prameter
zebra plot showing the surface and total expression of CD45RA and CD45RO for WT and CD53-/- CEM T cells.
Data was gathered from three independent experiments, representative data from one experiment is shown. (C)
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FRAP curve for CD45RO in WT and CD53-/- CEM T cells, curve represents the average of all cells from one
representative experiment of three independent experiments. Curve is based on >10 cells per genotype. (D)
Fit of the curve obtained in (C) as calculated by OriginPro8 softare using formula for bi-exponential decay. (E)
Percentage of immobile (left) and mobile (right) CD45RO as calculated based on FRAP curves. Data points are
derived from >20 cells per genotype collected over three independent experiments. Statistical significance was
assessed by one-sample t test. (F) Internalization of CD45RO over time as measured by flow cytometry. Filled
black and red graphs denote WT and CD53-/- CEM T cells, respectively from one representative experiment. (G)
Percentage of CD45RO-positive cells in time based on quantification of CD45RO internalization as shown in. (F)
Data is derived from three independent experiments. Statistical significance was assessed by two-way ANOVA. All
data are means ± SEM (* p<0.05, ** p>0.01, *** p> 0.001).

Discussion
The protein tyrosine phosphatase CD45 is essential for T cell proliferation, yet it remains
poorly understood how CD45 isoforms are regulated27, 28. Here we report that tetraspanin
CD53 is required for CD45RO expression and stabilization at the T cell surface, which is of
immunological importance as evidenced by the impaired TCR activation and proliferation
of CD53-deficient T cells. This novel interaction provides insight into both the (isoformspecific) regulation of CD45 as well as the role of CD53 in T cell function. To the best of our
knowledge, this is the first identification of a membrane partner that directly regulates the
stabilization and mobility of a specific CD45 isoform on the T cell surface.
Other proposed CD45-interacting proteins on the T cell surface include, CD45-AP,
CD4/CD8 and CD2. The absence of CD45-AP, which specifically associates with CD45,
has been found to affect the interaction between CD45 and Lck suggesting that CD45-AP
either directly or indirectly mediates this association29. In Cd45-AP-/- mice, this resulted in
an impaired T cell proliferation, similar to what we have observed in T cells derived from
Cd53-/- mice29. Given these comparable findings, it would be interesting to investigate
whether CD53 is a part of the reported supramolecular protein complex formed by
CD45-AP, CD45, CD4 and Lck30. Interestingly, the IPs we performed in T cells identified
the CD45RO isoform as a specific partner of CD53. Similarly, CD4 and CD8 have been
shown to interact with CD45RO, but not with the CD45RBC or CD45RABC isoforms31.
This interaction was found to have functional implications, as the expression of CD45RO
was associated with enhanced activity of CD4-associated Lck. The fact that both CD53
and CD4/CD8 preferentially interact with CD45RO, provides an interesting possible
explanation for the observed proliferation defect which merits further investigation.
In addition, the expression of CD45-AP has been found to depend on the presence of
CD45 on the membrane. Since we have found that total CD45 expression is affected by
CD53, the subsequent loss of CD45-AP is an additional possible mechanism by which
CD53 could regulate T cell function. Lastly, CD2 has been suggested to be functionally
associated with CD45 through crosslinking experiments32. In line with this, antibodies
directed against CD45 have been shown to induce strong T cell proliferation when
combined with anti-CD2 antibodies, but not when combined with anti-CD3 antibodies.
123

5

Chapter 5

CD53 has also been shown to associate with CD2 in rat T cells, suggesting that CD53 may
act as a possible intermediary protein, connecting CD45 and CD2, thereby modulating
proliferative responses of T cells.
In addition to identifying this novel association, we have also provided evidence that
the interaction between CD53 and CD45RO is important for the spatial regulation and
stabilization of CD45RO on the T cell membrane. This in turn affects the overall isoform
expression pattern of CD45. This is notable since recent evidence has shown that CD45
function is also dependent on combinations of CD45 isoforms expressed33. A striking
change in the isoform expression profile of CD45 was observed when CD53 was removed
from the cell surface, with CD45RO expression being severely reduced in CD53-negative
cells while CD45RA expression increased (Figure 6B). Our findings showed that in the
absence of CD53, CD45RO was significantly less stable on the cell surface and showed an
enhanced rate of internalization compared to WT T cells (Figure 6F-G). It remains to be
seen whether primary CD53-negative T cells only exhibit reduced CD45RO expression,
or whether they also show (re-)expression of alternative CD45 isoforms. Supporting
this, we observed re-expression of CD45RA upon CRISPR-knockout of CD53 in human
T cells. Similarly, re-expression of longer CD45 isoforms has been detected in human
memory T cells34. CD45 isoform switching occurs naturally during the course of normal
T cell activation, yet despite much effort, the exact purpose of this process remains
largely unclear. This is believed to be important though, since the alternative splicing of
CD45 is highly regulated, and conserved in vertebrate evolution35, 36. In line with this,
some studies have shown isoform dependent differences in downstream signaling, though
the interpretation of these results is sometimes complicated by seemingly contradictory
findings37. For example, CD45RO has been reported to preferentially associate with CD4
and CD8, leading to increased signaling via Lck in T cells expressing higher levels of
CD45RO compared to other isoforms31. Additionally, others have studied the ability of
CD45 isoforms to participate in enhancing T cell activation, with CD45RO found to be
most effective at this38. Other studies have presented seemingly contradictory results,
showing that CD45RO was less capable of inducing proliferation in thymic T cell compared
to the full length CD45RABC, though this may be affected by the developmental stage
of these cells39. More recently, using a model membrane system, it has been shown that
isoforms of CD45 can segregate differently during TCR-pMHC interaction, suggesting
this may be a mechanism for the fine-tuning of signaling40. With so much uncertainty
still surrounding the role of specific isoforms of CD45 in T cell biology, our findings
contribute to a better understanding of this by providing evidence of an isoform-specific
interaction with CD53 which has clear functional consequences.
As a membrane organizing protein, CD53 likely contributes to the spatio-temporal
regulation of CD45RO, of which very little is known41, 42, 43. The importance of this
spatio-temporal organization is illustrated by studies in the immunological synapse (IS)
in which the dynamic inclusion and exclusion of CD45 is known to be important for
balancing the opposing roles of CD45 in T cell signaling. As a result, CD45 can function as
both a positive and a negative factor in T cell activation, depending on its spatio-temporal
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organization and local concentration7, 44. In the past, numerous mechanisms have been
proposed to regulate the activity of CD45, these include localization and dimerization36.
CD53 exerts its function through the formation of tetraspanin enriched microdomains45.
The regulation of CD45 by membrane microdomains has been suggested before, with
findings indicating that lipid raft-associated CD45 acts as a negative regulator of TCR
signaling, while CD45 located outside of lipid rafts showed minimized opposition to
TCR signaling46. Studies using purified detergent-resistant membranes (DRMs) should
be interpreted with caution as DRMs not only contain lipid rafts but also tetraspanin
enriched microdomains 47. Additionally, passive regulation of CD45 localization during T
cell activation has been proposed by the kinetic segregation model, which suggests that
the tight contact zones in which the TCR and MHC interact exclude large molecules such
as CD45 based on size48. CD45 chimeras, with ectodomains derived from other proteins,
showed that smaller ectodomains blunted the IL-2 response upon T cell activation48.
Though the authors propose that this argues in favor of the kinetic segregation model,
ectodomain exchange would also clearly affect interaction with partner molecules and
the ability to dimerize, a major issue not taken into account in these studies. Given our
finding that CD53 accumulates at sites of TCR signaling, it is possible that CD53 may be
contributing in some way to the organization or localization of CD45RO at the immune
synapse. This does not refute or support the theory of kinetic segregation, as these could
exist as complementary processes during T cell activation. Furthermore, cytoskeletal
contacts through proteins like spectrin and ankyrin have also been proposed to participate
in regulating the localization of CD45, with disruption of the actin-spectrin interaction
leading to increased CD45 lateral mobility, similar to what we have observed for the
mobility of CD45RO in the absence of CD5349.
The dimerization of CD45 has been suggested to negatively regulate CD45 activity,
with the RO isoform dimerizing most efficiently50. For other receptor-like protein
tyrosine phosphatases (RPTPs) dimerization has been established as a regulatory
mechanism, but for CD45 this remains somewhat speculative though the wedge structure
involved in dimerization of other RPTPs is conserved in CD4551, 52. Supporting a role for
dimerization, mutation of the wedge structure in CD45 molecules seemingly promotes
signaling activity53. Additionally, a chimeric version of CD45 containing the ligand binding
domain of epidermal growth factor receptor (EGFR) lost the capacity to support TCR
signaling upon induced dimerization. In contrast, it has been proposed that based on the
crystal structure of the cytoplasmic D1-D2 segment of CD45, dimerization would not
be possible according to the wedge model proposed54. Alternatively, there is evidence to
support the involvement of the extracellular domain in homodimerization of CD45RO31.
Although the exact role that dimerization plays in the regulation of CD45 cannot be
fully established, we cannot exclude that CD53 may be involved in modulating CD45
dimerization though specific organization.
Based on our findings we propose a model which illustrates the role of CD53 in
the regulation of CD45RO (Figure 7). We posit that the interaction between CD53 and
CD45RO is required in order for T cells to effectively undergo CD45 isoform switch upon
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activation. In the absence of CD53, the expression of CD45RO is deregulated, leading
to a disturbed or incomplete T cell activation, which results in an impaired proliferation.
We hypothesize that in the absence of CD53 the expression of CD45RO is reduced due
to membrane instability of this isoform. The impaired expression of CD45RO on the cell
surface can have a dual effect, related to both the loss of CD45RO-specific signaling as
well as the alteration of the total CD45 isoform expression profile, both of which can
contribute to an altered T cell signaling. This effect, coupled with the increased mobility
of any remaining surface CD45RO, contribute to a diminished TCR signaling capacity
leading to the reduced proliferation observed for CD53-negative T cells.
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Figure 7. CD45RO surface stability depends on CD53.
Model depicting the proposed role of CD53 as a regulator of CD45RO at the cell surface. (A) In the presence
of CD53 the stability of CD45RO is enhanced, and mobility is reduced. Together these two factors enhance
CD45 function and potentiate phosphorylation downstream of the TCR leading to normal levels of activation and
proliferation. (B) In the absence of CD53, CD45RO is less stable leading to reduced expression. This produces
an altered CD45 isoform expression profile, different isoforms of CD45 are indicated by varrying colors. Both of
these outcomes have consequences for the signaling capacity of the TCR. In addition, the CD45RO remaining on
the cell surface shows enhance mobilty, which can also contribute to the reduced efficiency of CD45 in CD53negative T cells resulting in diminished activation and proliferation.
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Our findings not only shed light on the biology of CD45, but also contribute significantly
to a better understanding of CD53 function in the immune system. In this study, we
measured the proliferative capacity of WT and Cd53-/- primary murine T cells both in
vitro and in vivo. Our findings demonstrate that CD53 is important for T cell activation,
as CD53-negative T cells were significantly impaired in their proliferative capacity
(Figures 3 and 4). The importance of CD53 was confirmed in primary human T cells,
which could be co-stimulated through cross-linking of CD53 (Figure 2). In line with
our findings, antibody cross-linking of tetraspanins including CD82, CD81, CD9 and
CD63, has previously been shown to have a co-stimulatory effect on T cells55, 56 57, 58.
Deficiency of Tssc6, CD37, CD81 and CD151 have all been linked to hyper-proliferation
of primary murine T cell59, 60, 61, 62. This is in stark contrast to our findings, which showed
a reduced proliferation of Cd53-/- T cells, suggesting that CD53 on T cells functions
through a mechanism that is unique to this tetraspanin. Furthermore, we have previously
reported that CD53 plays an important role in recruiting and stabilizing PKCβ in B
cells14. In contrast, our observations show that the CD53 is not involved in the direct
stabilization of PKCθ in T cells. This illustrates the versatility of CD53 as a regulator
of signaling, exhibiting multiple modes of interaction with the lymphocyte activating
pathways controlling T and B cell responses.
In conclusion, we demonstrate that there is isoform-specific regulation of the
expression of CD45RO on the T cell surface by tetraspanin CD53. This interaction
is shown to have functional consequences, as the absence of CD53 negatively affects
proliferation of T cells, while CD53 cross-linking functions as a co-stimulatory signal.
Our findings shed new light on the molecular mechanisms by which CD45 is regulated,
and places CD53 in a unique position, as a direct and specific regulator of CD45RO in
T cells. Perhaps most excitingly, these findings present us with a potential new means by
which to modulate T cell activity in immune related diseases.
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Figure S1. T cell development is normal in Cd53-/- mice.
(A) two-parameter dot plots showing the CD4 and CD8 expression of cells from the thymus (left), spleen (middle)
and lymph nodes (right) of six week old WT and Cd53-/- mice as measured by flow cytometry. For thymus all
cells isolated from the organ were included. For spleen and lymph node, cells were first gated based on CD3
expression. Data was gathered from three mice per genotype from one independent experiment. Representative
data from one WT and one Cd53-/- mouse is shown. (B) Percentage of memory (CD44+/CD62L-) and naive
(CD44-/CD62L+) T cells within the CD3+ population in spleen and lymph nodes for both WT and Cd53-/- mice.
Data was gathered from three mice per genotype from one independent experiment. Statistical significance was
assessed by unpaired t test. (C) Expression of CD3, CD4, CD8 and CD28 as measured by flow cytometry for
three mice per genotype from one independent experiment. Representative data from one WT and one Cd53-/mouse is shown. Percentage gates are set based on unstained samples (not shown).
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Figure S2. Expression of CD53, CD4, CD8 and CD28 on WT and CD53-/- CEM T cells.
(A) Expression of CD53, CD3, CD4 and CD28 on WT and CD53-/- CEM T cells. Unfilled black and gray lines
represent unstained WT and CD53-/- CEM T cells, respectively. Filled black and gray graphs represent stained WT
and CD53-/- CEM T cells, respectively. Corresponding gMFI values are indicated at the left side of each graph.
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Figure S3. PKCθ is recruited to TCR signaling sites, where it does not interact with CD53.
(A) Jurkat T cells expressing PKCθ -mCherry were seeded on isotype control or anti-CD3/CD28 prints and
PKCθ recruitment was analyzed after 8 minutes by epifluorescence microscopy. Left: overview of multiple cells.
Right: larger magnification of one representative cell. (B) Ratio between the average PKCθ intensity on the
antibody print and that outside of the print. Data represents analysis of >30 cells from three independent
experiments. Statistical significance was assessed by one-sample t test. (C) Jurkat T cells experssing CD53mCitrine alone, or coexpressing CD53-mCitrine and PKC-mCherry were subjected to FLIM analysis. Graph
shows lifetimes of CD53-mCitrine obtained by fitting fluorescent decay curves with mono-exponential decay
functions. Data are means ± SEM of at least 14 cells per condition from one experiment. Statistical significance
was assessed by unpaired t test. Data are means ± SEM (* p<0.05, ** p>0.01, *** p> 0.001). Scale bars
represent either 10 μm (left panels) or 5 μm (right panels) as indicated in the bottom right corner of the leftmost
images. Arrows indicate TCR signaling sites showing PKCθ recruitment.
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A healthy immune system depends on the intricate and reciprocal relationship that
exists between immune cells and the environment. Central to this cellular interplay
is the process of signaling, which involves receiving, transducing and responding to
signals provided by neighboring cells or by the external surroundings. As the boundary
between the intracellular and extracellular environment, the plasma membrane is vital
to this process, providing a dynamic platform through which receptors activate signaling
pathways.
Membrane organizing tetraspanin proteins, which form tetraspanin enriched
microdomains (TEMs), have been proposed to play an important role in facilitating
signaling1. Membrane organization allows for a tight regulation of the localization and
temporal dynamics of receptors and signaling molecules governing downstream signal
transduction pathways. Despite attributing numerous functions to tetraspanins over the
years, there is still large deficit in our fundamental knowledge on how these proteins
operate, especially regarding how TEMs are formed, regulated and how they influence
cell signaling. The overall aim of this thesis was to address this insufficiency and provide
a better understanding of how tetraspanin CD53 organizes the membrane and thereby
regulates lymphocyte signaling and function.
With respect to signaling, for a long time the evidence for tetraspanin involvement
centered primarily on extrapolation based on detected tetraspanin-signaling molecule
interactions. With recent technical advances, especially in the field of microscopy, it has
become possible to study these interactions in living cells.
In the work presented here, I have used these new tools to not only to establish
the validity of past findings, but also to place these interactions into a biological/
immunological context. I have shown that CD53 plays a pivotal role in the signaling events
related to both B and T cell activation. Specifically, I have found that the absence of CD53
in B cells negatively affects the localization and function of the signaling molecule, protein
kinase C (PKC). In addition, my work on T cells has uncovered a fundamental role for
CD53 as a regulator of CD45 on the T cell surface. I have shown that the absence of CD53
on T cells impairs the proliferative response of primary T cells upon activation, which is
linked to a perturbed CD45 isoform expression pattern. Furthermore, I have added to
the body of knowledge on tetraspanins and TEM molecular composition by investigating
the striking changes in adhesion observed in CD53-negative B cells and linking this to
integrin regulation. Lastly, I have initiated the development of a model system intended
to overcome some of the inherent difficulties related to studying tetraspanins in the
plasma membrane. While my findings have clearly advanced our understanding of how
tetraspanins can regulate signaling, there are still many unanswered questions related to
tetraspanin function in general.
Throughout my PhD I designed my research objectives to address two main
unanswered questions related to tetraspanin biology:
1. What is the molecular composition of TEMs and how does this drive their 		
formation?
2. Is (immune) signaling directly regulated by tetraspanins?
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The findings presented in this thesis emphasize not only the importance of tetraspanins
in cellular signaling, but also underscore the versatility of these proteins by shedding
light on the disparate roles one single tetraspanin can play in lymphocyte function.
Additionally, my work also provides the framework for a model system through which
we can push basic understanding of tetraspanin function further. This could have widereaching implications for our interpretation of how membranes are organized, a process
which is increasingly recognized as vital to cell function.

What is the molecular composition of TEMs and how
does this drive their formation?
The organization of the plasma membrane into subcellular domains has been proven to
play an important role in the regulation of cell function2, 3. Tetraspanins are a family
of proteins whose function revolves entirely around organizing membranes in order to
facilitate cellular processes. There are 33 tetraspanins known to be expressed in humans4.
Many tetraspanins exhibit a broad expression pattern, though there are exceptions, like
CD37 and CD53 which are restricted to the immune compartment.
Structurally, tetraspanins are composed of 4 transmembrane regions which connect
one large and one small extracellular loop, one small intracellular loop and two short
intracellular tails. The large extracellular loop, also known as EC2, is responsible for
mediating the interaction between tetraspanins and other membrane proteins. This is
vital to tetraspanin function since tetraspanins are not able to directly effect changes in
cellular function. Instead tetraspanins regulate the behavior of other proteins through
the formation of higher-order complexes known as TEMs, which are the functional
units driving tetraspanin function. These TEMs act as platforms in the plasma membrane
supporting processes including signaling, adhesion, migration and fusion5, 6, 7, 8.
In recent years, tetraspanins have become attractive targets for therapy due to the
combination of their accessibility and their established roles in regulating cell function9.
However, this can only be successful if we have a better fundamental understanding of
the biology underlying tetraspanin function and TEM formation. One hurdle which still
impedes our progress in this field, is the lack of a concretely defined framework through
which to grasp the formation and molecular composition of TEMs. To this end, I have
initiated the development of a model membrane system with which to study the most
fundamental aspects of TEM formation. My results show, through proof-of-principle
experiments, that this model is viable and functional. My ultimate aim is to apply this
model to study the (self-) organizational capacity of tetraspanins and assess the role of
other membrane components in the formation and stabilization of TEMs.

Protein interactions within the tetraspanin web
TEM constituents can be roughly divided into two categories, namely, the protein and
the lipid components. With respect to the protein component, we can discern two
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types of interactions, these are tetraspanin-tetraspanin interactions and tetraspaninpartner interactions. Many studies have focused on the individual interactions between
tetraspanins and their partners. Yet, the more holistic view of the tetraspanin web,
comprising how TEMs are formed and regulated, is lacking. While it remains largely
unknown how TEMs come into existence and which elements are responsible for this,
studies on the physical characteristics of TEMs and their content indicate that homotypic
tetraspanin interactions form the basis for this process. Contrary to the long-held
dogma, recently tetraspanin-tetraspanin interactions have been found to be primarily of
a homotypic nature since the TEMs formed by specific tetraspanins are largely devoid of
any other tetraspanin family members. This is supported by our own studies using superresolution microscopy that show that individual homotypic TEMs are approximately
100-150 nm in diameter and demonstrate only minor overlap with other TEMs10. Using
electron microscopy others have found a concurrent TEM size, with CD63 and CD9
TEMs measuring at approximately 0.2 μm2. Based on confocal microscopy these authors
report TEMs containing multiple tetraspanin species11. While this is in stark contrast to
our findings, this discrepancy is likely not a biologically relevant inconsistency, but due
to the inherently lower resolution of confocal microscopy compared to super-resolution.
Further reinforcing the importance of homotypic tetraspanin interactions, are the
numerous reports of tetraspanin homodimerization. The existence of CD9, CD81
and CD151 homodimers has been confirmed in experiments using multiple covalent
cross-linkers, in contrast very low levels of heterotypic dimers between tetraspanins
were identified12. More recently the homodimerization of CD81 has been confirmed,
and found to be mediated by the δ-loop of EC213. This is further supported by single
particle tracking experiments of CD9, which showed co-diffusion of CD9 molecules14.
Together these data support the notion that tetraspanin homotypic interactions are the
fundamental functional unit within TEMs, though this has not been firmly established due
to the inherent limitations of the tools available.
While tetraspanin-tetraspanin interactions are undoubtedly important, the functioning
of tetraspanins relies on their interactions with partner proteins. Well-known partner
proteins include adhesion molecules, immune co-stimulatory molecules and intracellular
signaling molecules, which depend on their tetraspanin partners for stabilization and
organization1, 6, 15, 16. Based primarily on immunoprecipitation experiments, there has
been a classical classification of tetraspanins and partners in TEMs into three categories2.
This classification system is based on the resistance of tetraspanin-partner interactions to
specific detergent conditions. In chapter 1 of this thesis we have presented an alternative
view on this classic system of cataloguing, based on a more physiological classification
which we believe better represents the functional implications of these interactions.
We identify four categories of interactions based on their function within TEMs. First,
intramolecular interactions, which work to define and stabilize the tetraspanin structure.
Next, tetraspanin-tetraspanin interactions, which serve as the basis for TEM formation.
The addition of functional elements to the TEMs is achieved through tetraspaninpartner interactions. And last, cytosolic interactions which serve to connect the surface
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organization to the signaling pathways within the cell. Unlike the classic system, our
novel classification provides a more holistic vision of the tetraspanin web by viewing its
defining interactions through the prism of biological context and function.
In recent years, advances in microscopy-based techniques, including the advent of superresolution microscopy, have expanded our ability to study tetraspanin-partner interaction in
relation to TEM formation. Our own STED microscopy study shows that clusters of partner
proteins and clusters of their related tetraspanins are located adjacent to each other with
some overlap observed between the clusters10. Upon activation, no changes were seen in
this overlap between tetraspanin and partner protein clusters, though partner clusters and
tetraspanin clusters were found to be in closer proximity that would be expected based on
random distribution.This contradicts the long-held belief that TEMs are composed of multiple
species of tetraspanins and their interacting partner molecules which together build a single
functional web of interactions. While there is ample evidence that the absence of tetraspanins
changes the membrane organization of their partners, it is unknown whether partner proteins
are required in some way to form or maintain the stability of TEMs.

The role of lipids in TEM formation
For many years a protein-centric perspective dominated our view of the plasma membrane
and drove the majority of research within this subject. More recently though, it has
become clear that lipids play a fundamental role in defining plasma membrane structure
and organization. This is true also of tetraspanin research, in which lipids have been
understudied in TEM formation, despite the fact that there are some findings indicating
this may be important. Illustrating this, the recently published crystal structure of CD81
revealed a cholesterol binding pocket formed by the four transmembrane domains17. This is
further supported by immunoprecipitation experiments which have successfully captured
tetraspanin-tetraspanin interactions using digitonin which is a cholesterol-precipitating
agent18. The fact that digitonin preferentially precipitates tetraspanins associated with each
other, lends credence to the notion that cholesterol association and tetraspanin-tetraspanin
interactions go hand-in-hand18. Moreover, it has been shown that localization of tetraspanin
CD81 to TEMs depends on cholesterol19. CD82 has also been linked to cholesterol through
experiments which have shown that this tetraspanin controls the association of cholesterol
containing microdomains with the actin cytoskeleton in T cells20.
In addition, tetraspanin-partner interactions also involve specific lipids, as CD82
microdomains were destabilized by the removal of gangliosides, which led to a
redistribution of proteins within the plasma membrane21. Moreover, ganglioside GM2
was found to form complexes with CD82 which inhibited Met cross-talk with integrins22.
CD9 was also found to interact with gangliosides, with GM3 and CD9 working
cooperatively to inhibit tumor cell motility23. The covalent attachment of fatty acids to
tetraspanins or their partners through a process known as palmitoylation, has also been
shown to affect the stability of tetraspanin interactions, further pointing to an important
role for lipids in the formation of TEMs and regulation of tetraspanin interactions24, 25.
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A model membrane system to study TEMs
In chapter 2 of this thesis, I have described the development of a model membrane
system to address these questions. Indeed, we are able to efficiently purify large
quantities of tetraspanin protein and to introduce them into membranes of our own
design. Such a system allows us to study the most rudimentary aspects of tetraspanin
biology by separating tetraspanins from the extremely complex plasma membrane
environment in which they reside. Instead, we can introduce the tetraspanins into a
model membrane which lacks the complexity of the normal plasma membrane but
retains the fundamental building blocks. One of the main advantages of this model is
the ability to precisely control the lipid and protein content in the membrane, enabling
us to modulate the experimental conditions in a manner which would be impossible in
living cells. This is vital to study in-depth the roles of individual components in driving
TEM formation and organization.
It can be argued that the inability of a model membrane system to capture the intricacies
of the plasma membrane represents a disadvantage. However, I do not propose that this
model system replace the use of whole cells, instead it should be seen as a complementary
technique, with the results ultimately verified in the natural plasma membrane.
One of the main questions we aim to address is whether tetraspanin-intrinsic or –
extrinsic factors are responsible for TEM establishment, which up to now has been very
difficult to study. In addition, the actual molecular composition of TEMs is also largely
undetermined, especially with respect to lipids which may be involved in TEM formation
or required for the stability of these microdomains. While the work presented here
details only the development of this model, and not the actual application, I anticipate
that this model will increase our fundamental understanding of tetraspanins and TEMs
in the coming years.
The ability to modulate the exact composition of the model membrane will allow
us to precisely determine whether lipids play a driving role in TEM formation and if so,
identify which lipids are essential regulators of this process. Our model circumvents
the use of aggressive membrane disrupting substances like cyclodextrin or the use of
antibodies which may themselves affect the distribution of tetraspanins within TEMs.
The behavior of TEMs, in terms of size and geometry, in different lipid environments
may also reveal novel roles for lipids in controlling tetraspanin organization and function.

Novel insights into the molecular composition of CD53
microdomains
Aside from providing a framework for future fundamental characterization of TEMs,
my research has contributed to the knowledge on TEM molecular composition by
investigating the relationship between tetraspanin CD53 and its adhesion molecule
partners in B cells in Chapter 3. I have found that removal of CD53 from the B cell
surface results in homotypic B cell clustering and that this process is mediated by β1 and
β2 integrins. This is in line with older studies based on antibody cross-linking of CD53,
though we are the first to show this in a physiological system independent of artificially
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induced tetraspanin clustering26, 27. Numerous papers have previously established a role
for tetraspanins in integrin regulation, however, we are the first to identify homotypic
B cell adhesion in primary B cells upon loss of CD53. The physiological implications
associated with CD53 loss in B cells, may be sustained adhesion of B cells which is a
hallmark of pro- and pre-B cells, responsible for retention in the bone marrow during
development28. This has been tentatively linked to PKC, since PKC inhibitors were found
to affect this adhesional activity. PKC has previously been linked to integrin regulation
via tetraspanins including CD53, but we are the first to show a direct interaction
between PKC and CD53 in live cells, described in Chapter 4 of this thesis6, 29. Based on
this, the augmented adhesion of B cells caused by absence of CD53 could conceivably
affect the release of B cells from the bone marrow and/or affect B cell development.
Additionally, marginal zone B cells have been shown to express increased levels of LFA-1
and VLA-430. The increased activity of β1 and β2 integrins in CD53-negative cells could
affect retention and the germinal center marginal zone. B cell migration could also be
affected by the deregulation of integrin-mediated adhesion31. This might result in either
increased or decreased migrational capacity, depending on whether the adhesion between
B cells is preferred over adhesion to the extracellular matrix by these cells. Studying
chemokine driven migration of CD53-negative B cell is therefore a high priority for
further investigation. Homotypic aggregation of B cells is a well-known sign of activation,
indicating that the B cells lacking CD53 may be hyperreactive32. In addition, in vivo
extravasation of B cells and the formation of an immunological synapse between T and
B cells relies on integrin function and thus the involvement of CD53 in either warrants
further investigation. In line with this, CD53-deficient mice have impaired humoral
immune responses (Mark Wright, personal communication).
Tetraspanin CD53 has remained largely understudied, as a result little is known about
the specific composition of CD53 microdomains. The findings presented here link CD53
microdomains to the regulation of B cell adhesion. This underscores that CD53 microdomains
have the capacity to regulate immune cell function and are therefore merit further study.

Is (immune) signaling directly regulated by tetraspanins?
Immune cells are incredibly dynamic entities, able to sense and respond to each other
and the extracellular environment. This process, known as signaling, forms the basis for
determining cell behavior and cooperation between cells. Nowhere is this more evident
than in the immune system, composed of many different cells with disparate functions
and disseminated over the entire body. If not for signaling, it would be impossible for
these immune cells to coordinate a unified and timely attack against pathogens and
transformed cells.
In order for signaling to occur in an efficient and timely manner, cells rely on the
organization of their plasma membranes by proteins such as tetraspanins and galectins1,
33
. Numerous tetraspanins have been linked to regulation of signaling based on data that
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has come primarily from the application of techniques such as immunoprecipitation and
biochemical cross-linking. While this has provided a wealth of valuable information about
probable interactions between tetraspanins and signaling proteins, these techniques fail
to provide any biological or functional context for the detected interactions. I aimed to
address this shortcoming, by investigating the relationship between CD53 and signaling
molecules in living lymphocytes. This allowed me to study the dynamics and the functional
consequences of these interactions.

Tetraspanins in PKC signaling
PKCs are a family of serine/threonine kinases which can be divided into three classes,
namely, conventional, novel and atypical PKCs.These subcategories differ in their capacity
to become activated by diacylglycerol (DAG) and calcium and this ligand specificity is
determined by structural differences in the regulatory domain of these proteins34. PKCs
have been shown to play vital roles in various cell types, including in lymphocytes where
they act as non-redundant NFκB activators downstream of the TCR and BCR35, 36.
In 2001 Zhang et al. reported that numerous tetraspanins, including CD53, act as
linkers between the intracellular signaling protein PKC and beta integrins. This was
based on immunoprecipitation data which showed that PKC formed complexes with both
tetraspanins and integrins, and that in the absence of tetraspanins the phosphorylation of
integrins by PKC was abrogated. These authors also showed that only conventional PKCs
could interact with tetraspanins using co-immunoprecipitation29.
I have now confirmed these findings in live cells using fluorescence lifetime imaging
microscopy (FLIM), which revealed a direct interaction between CD53 and conventional
PKCβ in B cells (Chapter 4), in contrast to T cells in which no direct interaction between
CD53 and novel PKCθ was observed (Chapter 5). The direct interaction I identified
between CD53 and PKCβ affected the spatio-temporal localization of this kinase at the
plasma membrane of B cells. In the absence of CD53, I observed impaired recruitment
of PKCβ and reduced phosphorylation of PKC substrates upon activation of primary B
cells. This was specific for CD53, as CD37 was not recruited to BCR signaling sites and
was not found to interact with PKCβ.
The finding that a specific tetraspanin is able to control the activity of PKCs in living
cells is intriguing because of the new therapeutic possibilities this presents. PKCs regulate
a variety of cellular processes like cell cycle progression, apoptosis and migration, all of
which are typically deregulated in cancer37. As a result of this, the inhibition of PKCs
has been an intense field of study for many years38. Though numerous drugs targeting
PKCs have made it to clinical trials, they are hampered by a lack of specificity39, 40.
The ubiquitous expression of PKCs coupled with the inability to target specific PKC
isozymes has resulted in the development of drugs with widespread adverse events39.
Viewed in this light, my work presents an interesting new therapeutic target to control
PKC function. For instance, high expression of PKCβ has been associated with reduced
survival in patients with diffuse large B cell lymphoma (DLBCL), and the PKC inhibitor
sotrastaurin has been shown to have antitumor activity in DLBCL41, 42, 43. We propose
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that targeting of PKCβ through CD53 can provide a more specific effect since CD53 is
restricted to the immune compartments, unlike PKCβ itself, which is also found in brain,
pancreas and mammary tissue, amongst others44, 45, 46. Moreover, targeting CD53, which
interacts specifically with PKCβ, overcomes the promiscuity issue which has plagued
PKC inhibitors. CD53 is also readily accessible due to its localization at the plasma
membrane, making it easy to target. Importantly, my findings showed that the absence
of CD53 did not completely inhibit PKCβ, allowing for partial inhibition of the kinase.
This may be valuable since drastic changes in PKC signaling can have pathophysiological
consequences, which may be avoided by targeting CD53 to induce a milder inhibition47.
Outside of CD53, other tetraspanins such as CD81, CD82 and CD151 were also
identified by Zhang et al. to form complexes with conventional PKCs. Whether these or
other tetraspanins regulate PKC function in other cell types remains to be investigated.
Supporting this hypothesis, Termini et al. reported an interaction between CD82 and
PKCα in acute myeloid leukemia (AML) cells. They showed that CD82 acts as a scaffold
to regulate expression and activation of PKCα at the plasma membrane, controlling the
size of PKCα clusters. CD82 overexpression led to aberrant signaling in AML cells,
a characteristic observed in these patients. If, as I posit, tetraspanins are indeed able
to control PKC signaling in numerous cell types, this would have implications for not
only cancer, but also for many other PKC-dependent diseases including Alzheimer’s,
Parkinson’s, heart disease, bipolar disorder and diabetes48, 49, 50, 51, 52.

CD45 is regulated by tetraspanin CD53
Protein phosphatases are the counterparts to protein kinases, which are essential for
preserving balance in signal transduction pathways and preventing improper cell activation.
The work presented in Chapter 5 of this thesis, details the role of CD53 in the regulation
of phosphatase CD45 on the surface of T cells. CD45 is a large single pass transmembrane
glycoprotein (180-220 kDa) expressed in all nucleated hematopoietic cells, which is
subject to alternative splicing, resulting in numerous isoforms being expressed in both
human and mouse53, 54, 55. In T cells CD45 acts as a protein tyrosine phosphatase (PTPs),
dephosphorylating the tyrosine kinase Lck, thereby relieving the auto-inhibition of Lck and
initiating TCR downstream signaling56. CD45 is therefore vital to ensure T cell function
which is reflected by its high expression, with CD45 occupying approximately 10 % of
the T cell surface57, 58. Further highlighting its vital role in ensuring T cell function, loss of
CD45 expression or alterations in its isoform expression pattern result in defective T cells
59, 60
. Naïve human T cells express high molecular weight (MW) isoforms containing the A
exon (CD45RA+ cells) although its expression is lost upon antigen encounter and activation
at which point T cells begin to express the low MW isoform CD45RO (CD45RO+ cells).
Murine T cells have been reported to undergo a similar switch upon activation, by losing
an isoform expressing exon B, and gaining expression of a lower molecular mass isoform
lacking exon B, likely CD45RO based on the reported molecular weight61.
I have shown that in the absence of CD53, the expression of CD45RO on T cells
is severely reduced while the expression of CD45RA is sharply increased. Moreover,
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my findings indicate that CD53 is instrumental in controlling the stability and mobility
of CD45RO on the surface of T cells. In primary human T cells I found that CD53 can
function as a co-stimulatory molecule, resulting in T cell activation and proliferation. In
line with this, Cd53-/- primary T cells showed impaired proliferative responses.
The observation that CD53 controls the isoform of CD45 expressed primarily on
effector memory T cells, suggests that CD53 may be particularly important for this cell
type. This is supported by my finding that T cell recall responses are significantly impaired
in Cd53-/- mice. The functional consequences of CD45RO loss in memory T cells have not
been established, but it would be interesting to determine the extent of T cell memory
impairment in Cd53-/- mice and whether this may be linked to a higher activation threshold
resulting from CD45RO loss. Supporting this hypothesis, naïve T cells have been found to
have a higher affinity threshold for activation compared to effector T cells62. Furthermore,
my observations regarding the loss of CD45RO and concurrent re-expression of CD45RA,
have been reported in T cells upon long-term in vitro culture63. The authors stated that this
occurred post-stimulation, after periods of rapid cell growth and coincided with the cells
entering a quiescent phase. This seems to be in line with other reports, which show the reexpression of CD45RA in end-stage human T cells64. If the loss of CD45RO and (increased)
expression of CD45RA is sufficient to induce quiescence in T cells, this may explain the
reduced proliferation I have observed in CD53-negative cells. If CD53 expression can be
linked specifically to the function of memory T cells or to the regulation of T cell quiescence,
this would be a striking discovery that would place CD53 in the position of being a very
important regulator of T cell responses.
Aside from the exciting implications for the tetraspanin field, the findings presented
in Chapter 5 also increase our understanding of T cell activation, and specifically the role
of CD45 in this process. Despite its vital function, the exact role of the various CD45
isoforms as well as the mechanism effecting the activation-driven changes in isoform
expression, have long eluded us. Past studies have struggled with factors including
the inherent differences between cell lines, disparate stimuli used and difficulties
achieving physiological expression levels of CD45. My approach overcame these issues
by circumventing any direct interference with CD45 isoforms, instead all the effects
we observe are the result of the physiological consequences of CD53 loss. As a result,
my findings present a step towards understanding CD45RO-specific function in T cells,
as well as supplying a new model to study CD45RO deregulation. Finally, I anticipate
that the implications of these findings may extend beyond the clearly defined borders of
the immune compartment. For example, alterations in the expression pattern of CD45
isoforms in CD4+ T cells have been linked to Alzheimer’s disease65. In addition, the
infiltration of CD45RO+ T cells is significantly associated with improved overall survival
and disease-free survival in patients bearing solid tumors66. Because of the clear farreaching importance of CD45 expression, CD53, as a regulator of this protein is an
important new target for research in this context.
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The versatility of CD53
Overall, and in light of the results presented in this thesis, I propose that CD53 functions
as an important regulator of both BCR and TCR signaling. Despite the many similarities
between these pathways, CD53 uses strikingly different approaches to regulate the
membrane proximal signaling in B cells and T cells (Figure 1).

CD53 controls recruitment and function of PKCβ in B cells.
CD53 is important for the regulation of β-integrins in B cells.

CD53 regulates the stability and mobility of CD45RO in T cells.

CD53

PKC PKC PKC PKC

B cell activation and adhesion

T cell activation and proliferation

Figure 1: CD53 shows impressive versatility in lymphocyte biology.
Graphical overview of the different roles CD53 plays in lymphocytes. In both B and T cells CD53 controls the
signaling pathways downstream of the BCR and TCR through disparate mechanisms. In B cells CD53 controls the
intracellular organization of PKC while in T cells CD53 interacts at the membrane with CD45RO. The deregulation
of PKCβ and CD45RO in the absence of CD53 results in altered signaling leading to impaired lymphocyte activation.
In addition, in B cells CD53 regulates β–integrins through a yet unidentified mechanism. The absence of CD53 in B
cells results in disturbed β-integrin function producing a phenotype of homotypic B cell aggregation.

Versatility is defined as the ability to adapt or to be adapted to different functions. I have
shown that CD53 is responsible for the regulation of both kinases and phosphatases,
illustrating that tetraspanins are very versatile proteins, able control lymphocyte signaling
through multiple mechanisms. In addition, I have developed a novel model system to
study the assembly of TEMs which underlie the functional capacity of tetraspanins. My
research also contributes to a better understanding of the molecular composition of TEMs
by investigating the relationship between CD53 and β-integrins in B cells. This will help
to shape our view on membrane organization and signaling, and inform the choices we
make moving forward when it comes to targeting of tetraspanins for treatment purposes.
Altogether, I believe my work has contributed significantly to achieving these goals, by
uncovering and studying the molecular foundations of interactions between tetraspanin
and numerous partners (integrins, PKC and CD45) and by developing a new tool with
which to further study the fundamental aspects of TEMs.

144

General discussion & future perspectives

I posit that membrane organization provides a method for the cell to regulate the
exact spatio-temporal localization and expression of molecules required for numerous
functions, including signaling, in order to modulate cell activation. The absence of
membrane organizing proteins has consequences which have been shown to be significant
and detrimental for the function of lymphocytes. This supports the concept that the
organization of the cell surface is an important determinant in lymphocyte function and
thus immune response capacity.
In conclusion, it is time to embrace a novel view of the lymphocyte plasma membrane,
which recognizes the importance of membrane organization in regulating immunity in
health and disease. As a consequence, questions concerning how these organizing proteins
function become increasingly important to our understanding of pathologies and the
development of novel therapeutic strategies.
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English summary
The Immune system
Our immune system is our primary line of defense against invading pathogens (e.g. viruses
and bacteria) and transformed cells. The immune system can be divided into two primary
branches, known as the innate and the adaptive immune systems. The innate immune
system exhibits a very rapid response upon detection of a threat; however, the drawback
of this quick reaction is that the response is completely aspecific. As a result, the innate
immune system is often not able to eliminate the threat on its own. If the pathogen or
transformed cells persist for 4-7 days, the adaptive immune system will take over. While
the adaptive response is much slower to develop than the innate, it has the benefit of
being tailored specifically to the threat, making it a much more targeted approach.
Two critical components of the adaptive immune response are the B and T cells. B cells
are responsible for the production of antibodies that specifically recognize pathogens or
transformed cells, these are then targeted for destruction via several distinct pathways.
Unlike B cells, which are only involved in indirect killing, T cells are able to both directly
and indirectly kill pathogens and transformed cells. Direct killing involves binding of a
T cell to a transformed or infected cell, followed by the release of cytolytic substances.
Indirect killing relies on the ability of T cells to release cytokines which activate many
other types of immune cells, which in turn eliminate the threat.
In order to function properly both B and T cells require activation through contact
with antigen presenting cells (APCs). APCs are able to take up pieces of the pathogens
or transformed cells and present this on their membrane, here they can be recognized
by other immune cells. For T cells this recognition occurs via the T cell receptor (TCR)
and for B cells via the B cell receptor (BCR). During the course of activation, sustained
communication between the immune cells is vital, this process is known as signaling. As
the interface between cells, the plasma membrane has a crucial role in signaling. Through
organization of the plasma membrane, the cell can ensure an effective and efficient
signaling process.

Organizing the immune cell surface
The plasma membrane forms the boundary between the external world and the internal
environment of the cell. As such, it is responsible for both receiving the incoming signals
provided by the extracellular environment, and for conveying cell-intrinsic information
to neighboring cells. This type of communication is the basis for cell adaptation and
survival.
For immune cells in particular, the plasma membrane is a very hectic place, where
both membrane and cytosolic proteins and lipids are constantly engaging in dynamic
interactions. These interactions are important for many biological and immunological
processes including, antigen presentation, adhesion, migration, immune synapse
formation and signaling. In order for these processes to occur in an effective and efficient
manner, the plasma membrane requires a high level of organization. This can be provided
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via numerous mechanisms including lipid rafts, galectin lattices and tetraspanin enriched
microdomains (TEMs). The importance of this membrane organization is illustrated in
this thesis where the absence of a single tetraspanin is repeatedly shown to detrimentally
impact the function of immune cells.

Tetraspanins and TEMs
Tetraspanins are membrane-spanning proteins that are involved in the nanoscale
organization of the cell surface. There are 33 known mammalian tetraspanins, two of
which are restricted to the immune system. These immune-specific tetraspanins are
CD37 and CD53. While CD37 has been investigated quite thoroughly in the last few
years, CD53 has remained relatively understudied. CD53 is expressed on all immune
cells, with high expression found on the surface of lymphocytes. Previous studies have
demonstrated an important and non-redundant role for CD53 in the immune system, as
the absence of CD53 led to recurrent infections in patients. Despite this, research into
the specific functions of CD53 in immune cells has remained limited. The work presented
here elucidates the importance of CD53 for lymphocyte function through the application
of fundamental research techniques.
T etraspanins have a very conserved structure, crossing the membrane four times.
This results in the formation of one large and one small extracellular loop, one small
intracellular loop and two short intracellular tails. This conserved structure allows
tetraspanins to interact extensively with other membrane constituents in order to create
the higher-order complexes known as TEMs.
TEMs are specialized membrane platforms of approximately 150-200 nm that facilitate
cell function by bringing together functionally related molecules at specific locations.
They are formed through the interaction of tetraspanins with each other, with partner
proteins and with lipids. In chapter 1 of this thesis I have discussed the interactions
that contribute to TEM formation and proposed a novel classification system for TEM
interaction based on their functional properties. This is in contrast to the previous
classification system which was based on the resistance of tetraspanin interactions to
detergent disruption.
While our knowledge on tetraspanins and TEMs has increased over the last 20 years,
there are still many unanswered questions. To this end, in chapter 2 of this thesis I
have presented proof-of-principle experiments detailing the development of a model
membrane system. I developed this experimental setup to study the (self-)organizational
capacity of tetraspanins and to assess the role of different membrane lipid constituents of
the formation of TEMs. I expect that this model system will aid in our understanding of
fundamental tetraspanin interactions and TEM formation in the future.

B cell adhesion and CD53
Over the years many tetraspanin partners have been identified and studied. Among those,
integrins have emerged as a particularly prominent partner. Integrins are cell adhesion
molecules composed of an α and a β subunit, that are present at the cell surface where
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they mediate interactions between cells or involving cells and the extracellular matrix.
Integrins have been found to interact with numerous tetraspanins in many different cell
types. Through these interactions, tetraspanins have been shown to regulate the integrindependent motility of these cells. Previous studies have shown that cross-linking of CD53
can induce the activation of integrins including αLβ1 and α4β1 which can result in the
homotypic adhesion of lymphocytes. While this research has provided valuable insight
into a possible role for CD53 in cell adhesion, the use of antibodies to artificially cluster
CD53 has made interpretation of these results complicated.
In chapter 3 of this thesis I describe for the first time that the complete absence
of CD53 from the B cell surface induces homotypic adhesion in both monoclonal and
polyclonal CD53 knockout B cell lines. Furthermore, I have shown that this altered
adhesion of B cells is not the result of changes in the expression of other tetraspanins or
of adhesion molecules including, integrins, IgCAMs and selectins. I go on to demonstrate
that this homotypic clustering phenotype can be reversed through the application of
EDTA of by blocking β1 and β2 integrins. This suggests that the absence of CD53 results
in aberrant integrin function in B cells. Finally, I show that this homotypic adhesion
phenotype is also present in primary B cells isolated from murine spleen.
Taken together my findings show that CD53 plays a role in the regulation of integrin
function in B cells, and that the absence of CD53 results in an exaggerated adhesion
capacity in these cells leading to homotypic aggregation. This data suggest a role for CD53
in the regulation of B cell adhesion, the implications of which merit further investigation.

The role of CD53 in lymphocyte signaling
Underlying the function of all cells is the process of signaling, which allows cells to communicate
with each other in order to adapt to environmental changes. Signaling consists of three distinct
but connected phases, these are, reception, transduction and response. Reception depends
on the expression and membrane organization of receptors, such as the TCR and BCR, on
the cell surface. Reception is followed by signal transduction; signals are transduced through
successive steps involving the addition or removal of phosphate groups from proteins. Finally,
transduction will result in alterations in gene expression, these changes produce the response.
In chapter 4 of this thesis I have investigated how membrane organization by CD53
regulates signaling via the BCR. I have shown that protein kinase C (PKC) β localizes to
microdomains containing CD53. Moreover, my findings indicate that PKCβ interacts directly
with the N-terminal tail of CD53 at the plasma membrane upon BCR activation. I have found
that in the absence of CD53, PKCβ localization to the plasma membrane is impaired in both
human and primary murine B cells and that this affects the capacity of PKCβ to phosphorylate
its substrates. PKCβ is an important and non-redundant player in signal transduction
pathway downstream of the BCR. While PKCs have been linked to CD53 previously through
biochemical studies, we are the first to show that this interaction actually takes place in living
immune cells using advanced microscopy techniques. Altogether, the findings presented in
chapter 4 provide the first evidence that CD53 can modulate signaling in immune cells.
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Besides its role in the regulation of B cell signaling, in chapter 5 of this thesis I
show that CD53 is also important for the signaling of T cells. In this chapter I report
the discovery of a novel CD53 partner, the receptor-type protein tyrosine phosphatase
CD45. CD45 is subject to alternative splicing, producing multiple isoforms of differing
length. In naïve T cells, the predominant isoform is CD45RA, while effector/memory
T cells express the CD45RO isoform. CD45 is critical for the activation of T cells and
has been reported to function as a signaling gatekeeper in these cells. In order to study
the relationship between CD53 and CD45, I generated a polyclonal CD53 negative T cell
line. This revealed that in the absence of CD53, stability of CD45RO at the cell surface is
severely reduced. In addition, the mobility of CD45RO is also increased when CD53 is
absent. These data suggest that CD53 plays an important role in the regulation of CD45
and may therefore influence T cell activation and signaling.
Accordingly, I have found that CD53 functions as a co-stimulatory molecule in
primary human T cells, leading to activation and proliferation of these cells. In line with
this, primary murine Cd53-/- T cells show impaired proliferation after both in vitro and in
vivo activation. Taken together, these results show that CD53 controls the activation of T
cells by regulating the stability and mobility of CD45. This not only sheds new light on
the function of CD53 in the immune system, but also increases our knowledge on CD45,
a protein that has been notoriously difficult to study in the past.

The versatility of CD53
In chapter 6 I have summarized and discussed the results presented in this thesis. I have
shown CD53 to be a very versatile protein, able to regulate both kinases and phosphatases
to control signaling pathways in T and B cells. Further substantiating with versatility, CD53
was revealed to have a dual function in B cells, as a regulator of both signaling and adhesion.
Overall, I believe my work has contributed significantly to the field of tetraspanin biology
by uncovering and studying the molecular foundations of interactions between tetraspanin
and numerous partners (integrins, PKC and CD45) and by developing a new tool with
which to further study the fundamental aspects of TEMs. Not only do these findings shed
light on an important yet understudied tetraspanin, but the results also serve to highlight
the underappreciated role of membrane organization in cellular function.
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Het Immuunsysteem
Het immuunsysteem heeft als taak om ons te verdedigen tegen pathogenen (bv.
virussen en bacteriën) en kwaadaardige cellen. Het immuunsysteem bestaat uit
twee aparte, maar complementaire delen: het aangeboren immuunsysteem en het
verworven immuunsysteem. Het aangeboren immuunsysteem kan heel snel reageren op
bedreigingen, maar heeft als nadeel dat deze reactie aspecifiek is. Dit heeft tot gevolg
dat deze immuunreactie alleen vaak niet genoeg is om de dreiging te elimineren. Als
de pathogenen of kwaadaardige cellen niet zijn opgeruimd binnen 4-7 dagen, neemt
het verworven immuunsysteem over. Deze komt langzamer op gang vergeleken met de
aangeboren immuunreactie, maar heeft als voordeel dat het een zeer specifieke reactie
oplevert.
Twee essentiële componenten van het verworven immuunsysteem zijn de B en T
cellen, ook wel lymfocyten genoemd. B cellen zijn verantwoordelijk voor het produceren
van antilichamen die de pathogenen of kwaadaardige cellen specifiek kunnen herkennen.
Deze worden dan opgegeten door andere immuuncellen, een proces dat fagocytose
wordt genoemd. T cellen kunnen geïnfecteerde en kwaadaardige cellen direct doden
door schadelijke eiwitten uit te scheiden. Ook kunnen T cellen indirect werken aan het
elimineren van dreigingen door kleine stofjes, cytokines, uit te scheiden. Deze cytokines
zetten andere immuuncellen aan tot het opruimen van de pathogenen.
Om goed te kunnen functioneren, moeten B en T cellen geactiveerd worden door
middel van contact met antigeen presenterende cellen (APCs). APCs kunnen pathogenen
en kwaadaardige cellen herkennen en kleine stukjes hiervan opnemen om te presenteren
op hun celoppervlak. Deze gepresenteerde stukjes, zogenoemde antigenen, worden dan
herkend door andere immuuncellen. T cellen gebruiken hiervoor hun T cel receptor
(TCR), en B cellen maken gebruik van hun B cel receptor (BCR), die op de oppervlakte
van de T of B cel zit. Wanneer een B of T cel een interactie aangaat met een APC, vindt
er communicatie plaats tussen deze cellen, en dit proces wordt signalering genoemd.
Hierbij speelt het celmembraan een cruciale rol als het contactvlak tussen de cellen.
Door het celmembraan op een bepaalde manier te organiseren kan de cel ervoor zorgen
dat dit signaleringsproces zo efficiënt en effectief mogelijk verloopt.

Organiseren van het immuuncel oppervlak
Het celmembraan scheidt de buiten- en de binnenkant van een cel van elkaar af. Door
deze functie is het celmembraan verantwoordelijk voor zowel het ontvangen van signalen
van buitenaf, als het doorgeven van informatie aan cellen in de omgeving. Dit soort
communicatie zorgt ervoor dat cellen zich aan kunnen aanpassen aan veranderende
omstandigheden om overleving te bevorderen.
Het celmembraan van immuuncellen is een hectische omgeving, waar zowel eiwitten
in het cell oppervlak (membraaneiwitten) als eiwitten binnen in de cel (cytosolische
eiwitten) constant wisselende interacties met elkaar aangaan. Deze interacties zijn
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belangrijk voor verschillende biologische en immunologische processen, waaronder,
antigeen presentatie en signalering. Om deze processen effectief en efficiënt te laten
verlopen, moeten membraaneiwitten op de celoppervlak georganiseerd worden. Dit
wordt bewerkstelligd door organisatie-eiwitten genaamd tetraspanins en galectins. In
deze thesis, toon ik het belang van membraanorganisatie aan, door te laten zien dat het
missen van een enkele tetraspanin genoeg is om de functie van een immuuncel nadelig te
beïnvloeden.
Tetraspanins en TEMs
Tetraspanins zijn membraaneiwitten die betrokken zijn bij de organisatie van het
celoppervlak. In mensen zijn er 33 verschillende tetraspanins bekend, waaronder
twee immuun-specifieke tetraspanins: tetraspanin CD37 en CD53. Hoewel CD37 de
afgelopen jaren vrij grondig is onderzocht, is er over CD53 relatief weinig bekend. CD53
komt voor op het oppervlak van alle immuuncellen, en het meeste op het oppervlak
van lymphocyten. Eerdere studies hebben een belangrijke en unieke rol voor CD53
aangetoond in het immuunsysteem. Deze studies hebben laten zien dat het missen van
CD53 tot terugkerende infecties leidt. Desondanks is het onderzoek naar de specifieke
functies van CD53 binnen het immuunsysteem beperkt gebleven. Het in deze thesis
gepresenteerde werk verduidelijkt het belang van CD53 voor het functioneren van T en
B cellen door toepassing van onderzoekstechnieken in het laboratorium en in de muis als
voorbeeld voor een levend organisme.
De molecuulstructuur van tetraspanins is zeer vergelijkbaar in verschillende organismen.
Tetraspanins zijn zo gevormd, dat ze celmembraanvier keer door de celmembraan gaan.
Dit leidt tot het vormen van een grote en een kleine lus aan de buitenkant van de cel,
en een kleine lus en twee korte staarten aan de binnenkant van de cel. Tetraspanins
kunnen verschillende interacties aangaan met elkaar of met andere eiwitten, waardoor
ze de organisatie van het celoppervlak structureren in allemaal verschillende eilandjes.
Deze gespecialiseerd eiwit-eilandjes noemen we tetraspanin-verreikte microdomeinen
(‘tetraspanin enriched microdomains’ of TEMs) en zijn ongeveer 150-200 nm in grootte.
TEMs faciliteren cel functie door functioneel gerelateerde eiwitten op specifieke locaties
aan het celoppervlak samen te brengen.
In hoofdstuk 1 van dit proefschrift worden de interacties besproken die bijdragen tot
de vorming van TEMs en wordt een nieuw classificatiesysteem voorgesteld op basis van
de functionele eigenschappen van deze interacties. Dit in tegenstelling tot het bestaande
classificatiesysteem die gebaseerd is op de ‘detergent-resistance’ van tetraspanin
interacties.
Hoewel onze kennis over tetraspanins en TEMs de afgelopen 20 jaar is toegenomen,
zijn er nog veel onbeantwoorde vragen. Hiertoe beschrijf ik in hoofdstuk 2 de
ontwikkeling van een systeem die gebruikt maakt van modelmembranen en geïsoleerde
tetraspanin eiwitten om de fundamentele aspecten van TEM-vorming te bestuderen.
Dit modelsysteem biedt de mogelijkheid om de (zelf) organisatorische capaciteit van
tetraspanins te bestuderen, en de rol van verschillende lipiden hierbij vast te kunnen
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stellen. Ik verwacht dat dit modelsysteem ons zal helpen om fundamentele tetraspanininteracties en TEM-vorming beter te begrijpen.

B cel adhesie en CD53
In de loop der jaren zijn er vele tetraspanin partner-eiwitten geïdentificeerd en overzocht.
Onder deze zijn de integrines naar voren gekomen als een bijzonder prominente partner.
Integrines zijn celadhesiemoleculen die samengesteld zijn uit een α en een β onderdeel.
Integrines komen tot expressie op het celoppervlak, waar ze interacties tussen cellen,
of tussen een cel en de extracellulaire matrix (‘bindweefsel’) bemiddelen. Interacties
tussen integrines en tetraspanins zijn aangetoond in verschillende celtypen, en ook is
bewezen dat tetraspanins middels deze interactie met integrines de motiliteit (beweging)
van cellen reguleren. Eerdere studies hebben aangetoond dat clustering van CD53
m.b.v. antilichamen leidt tot activatie van een aantal integrines, waaronder αLβ1 en
α4β1, en dat dit leidt tot clustering van lymfocyten. Hoewel dit onderzoek waardevolle
inzichten heeft gegeven in een mogelijke rol voor CD53 bij celadhesie, heeft het gebruik
van antilichamen om CD53 kunstmatig te clusteren de interpretatie van deze resultaten
ingewikkeld gemaakt.
In hoofdstuk 3 van dit proefschrift beschrijf ik voor het eerst dat de afwezigheid van
CD53 op de B cel oppervlak clustering induceert in zowel monoklonale als polyklonale
knockout B cellijnen. Verder heb ik aangetoond dat deze adhesie-toename in B cellen
zonder CD53 (CD53 negatieve B cellen) niet het gevolg is van veranderingen in expressie
van andere tetraspanins, of van celadhesie moleculen waaronder integrines, IgCAMs en
selectines. Ik heb gevonden dat toevoeging van EDTA of van blokkerende antilichamen
tegen β1 en β2 integrines de clustering van CD53 negatieve B cellen voorkomt. Dit
suggereert dat de afwezigheid van CD53 in B cellen afwijkende integrinefunctie als gevolg
heeft. Tot slot laat ik ook zien dat dit ook het geval is voor Cd53-/- B cellen geïsoleerd uit
muis.
Samengevat tonen mijn bevindingen aan dat CD53 een rol speelt bij de regulatie van
integrinefunctie in B cellen, en dat afwezigheid van CD53 clustering veroorzaakt in deze
cellen. Deze gegevens suggereren een rol voor CD53 bij de regulatie van B cel adhesie,
maar nader onderzoek zal nodig zijn om de gevolgen hiervan beter te begrijpen.

De rol van CD53 in signalering in lymfocyten
Signalering vormt de basis voor alle celfuncties, want hiermee kunnen cellen communiceren
om belangrijke informatie aan elkaar door te geven. Signalering bestaat uit 3 verschillende
maar verbonden fases: ontvangst, transductie en respons. Het ontvangen van signalen is
afhankelijk van expressie en membraanorganisatie van receptoreiwitten, zoals de TCR en
BCR, op het celoppervlak. Ontvangst wordt gevolgd door signaaltransductie. Signalen
worden doorgegeven door opeenvolgende stappen waarbij fosfaatgroepen worden
toegevoegd of verwijderd (signaaltransductie). Tenslotte zal dit leiden tot veranderingen
in genexpressie. Dit wordt de signaleringsrespons genoemd.
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In hoofdstuk 4 van dit proefschrift heb ik onderzocht hoe membraanorganisatie
door CD53 signalering via de BCR reguleert. Ik heb aangetoond dat bij activatie van
de BCR, ‘protein kinase C β’ (PKCβ) zich lokaliseert naar microdomeinen die CD53
bevatten. Bovendien geven mijn bevindingen aan dat PKCβ in direct contact komt met de
n-terminale staart van CD53 bij het celmembraan na activatie via de BCR. Ik heb ontdekt
dat in afwezigheid van CD53, PKCβ niet meer goed lokaliseert naar het celmembraan
in zowel menselijke B cellijnen als primaire muizen B cellen. Dit heeft tot gevolg dat
fosforylering van PKCβ substraten gereduceerd is in de afwezigheid van CD53. PKCβ
is een belangrijk en niet vervangbaar eiwit in de signaaltransductieroute van de BCR.
Hoewel PKC eiwitten eerder zijn gekoppeld aan CD53 via biochemische studies, zijn
we de eerste om aan te tonen dat deze interactie daadwerkelijk plaatsvindt in levende
immuuncellen met behulp van geavanceerde microscopietechnieken. Al met al, bieden de
bevindingen in hoofdstuk 4 het eerste bewijs dat CD53 de signalering in immuuncellen
kan moduleren.
Naast de rol in de regulatie van B cel signalering, laat ik in hoofdstuk 5 zien dat
CD53 ook belangrijk is voor de signalering van T cellen. In dit hoofdstuk beschrijf ik
de ontdekking van een nieuwe CD53 partner, de receptor-type eiwit tyrosinefosfatase
CD45. Als gevolg van alternatieve splicing kunnen meerdere isovormen van CD45 tot
expressie worden gebracht. Naïeve T cellen brengen de CD45RA isovorm tot expressie,
terwijl effector/memory T cellen CD45RO tot expressie brengen. CD45 is cruciaal
voor activatie en functioneert als een poortwachter voor signalering in T cellen. Om de
relatie tussen CD53 en CD45 te bestuderen, heb ik een polyklonale CD53 negatieve T
cellijn gemaakt. In deze cellijn is de stabiliteit van CD45RO aan het celoppervlak sterk
verminderd, en bovendien neemt de mobiliteit van CD45RO ook toe wanneer CD53
afwezig is. Deze gegevens suggereren dat CD53 een belangrijke rol speelt bij de regulatie
van CD45, en daarom de activering en signalering van T cellen zou kunnen beïnvloeden.
In lijn der verwachting, heb ik gevonden dat CD53 inderdaad een rol speelt in
T cel functie. Ik heb ontdekt dat CD53 fungeert als een co-stimulerend molecuul in
primaire menselijke T cellen, wat leidt tot activatie en proliferatie van deze cellen. In
overeenstemming hiermee vertonen primaire muizen Cd53-/- T-cellen verminderde
proliferatie na zowel in vitro als in vivo activatie. Al met al laten deze resultaten zien
dat CD53 de activatie van T cellen beïnvloedt door de stabiliteit en mobiliteit van
CD45 te reguleren. Dit werpt niet alleen nieuw licht op de functie van CD53 in het
immuunsysteem, maar vergroot ook onze kennis over CD45, een eiwit dat tot nu erg
moeilijk te bestuderen was.

De veelzijdigheid van CD53
In hoofdstuk 6 heb ik de resultaten in dit proefschrift samengevat en bediscussieerd. Ik
heb aangetoond dat CD53 een zeer veelzijdig eiwit is, dat zowel met kinases als fosfatases
interacties aan kan gaan om signalering in T en B cellen te reguleren. Deze veelzijdigheid
wordt verder onderbouwd door mijn bevinding dat CD53 een dubbele functie heeft in B
cellen, en betrokken is bij zowel de regulatie van signalering als van adhesie.
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Over het algemeen heeft mijn werk aanzienlijk bijgedragen aan de tetraspanin
biologie. Ik heb de moleculaire fundamenten van interacties tussen tetraspanins en een
aantal partners (integrines, PKC en CD45) bloot gelegd en bestudeerd, en ik heb een
nieuw model ontwikkelt om de fundamentele aspecten van TEMs te bestuderen. Deze
bevindingen werpen een nieuw licht op een belangrijke, maar nog te weinig onderzochte
tetraspanin, en laten het belang zien van membraanorganisatie in het functioneren van
immuuncellen.
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