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Abstract

T cells havean important role in the resolution of infections and cancer. The mechanisms
underlying early contact formation of T cells with antigenpresenting cells, and the
contribution of T-cell receptor (TCR) microclusters (MCs) to -Eell activation, are still not
well understood, especially given recent evidence demonstrating the importae of
membrane topography in T-cell signalling. Furthermore, it is unclear what features of the
TCR triggering mechanism are shared with other receptors, such as thecBll receptor
(BCR).For experiments presented in this thesis, cell lines were created that express TCRs
with different affinities and surface densities, along with an inhibitable mutant of ZAFO,
which were used to probe the effects of TCR density and signalling inrlgaT -cell contacts
and antigen reactivity. TCR density did not affect the spreading or close contdctmation

of T cells with supported lipid bilayers (SLB) presenting agonist pMHC, suggesting that very
few TCRs are needed to trigger these events. MCtdisution was uncorrelated with close
contacts, implying that these structures are real, and not imaging artefacts. However, T cells
with low TCR expression levelsignalled robustly, suggesting that MC formation might not
be a prerequisite of TCR signalhg. Nevertheless, signalling triggered under these
conditions did not result in full T-cell activation. ZAR70 inhibited cells displayed reduced
cell spreading, formed fewer but larger close contacts, and recruited more ZA® at MCs.
This data suggeststiat ZAR70 is a strong regulator of Fcell contact formation, and that it
also contributes to antigen discrimination, alongside its key role in signal amplification at
the TCR. Finally, key requirements of the kinetic segregation (KS) model were confirmied

4 AT A " AAIT 1T Oh ETAI
within a close contact, and the demonstration that the BCR is unclustered on resting cells,
similarly to the TCRthereby ruling out a popular model of BCR trigering. Work carried out

in this thesis provides insight into the mechanisms regulating early contact formation by T
cells, and by demonstrating key predictions of the KS model in both T and B cells, raises the

possibility that a unified mechanism for immune receptor triggering could exist.

[5]
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1 Introduction

1.1 Immune System Overview

1.1.1 Introduction

The immune system protects the body from perpetual dangers coming from both the
outside world (e.g.,bacteria, viruses and parasites) and withini(e.,cancerous cells). The

innate immune system reacts rapidly to generic signs of danger and the more complex
adaptive immune system recognises and reacts to danger signals with incredible specificity

while also creating a memory response.

Since the appearane of multicellular organisms600 million years ag@, the immune system
has been continually refined.Innate immunity is present in every multicellular organism,
and many features of our adaptive immune system are shared by all jawed vertebrates and
some more distant ancestors. Interestingly, genetic recombination of immune receptors
evolved independently more than ome, in agnathans (jawless vertebrates) and
gnathostomes (vertebrates with jaws}, indicating the evolutionary advantage of this
complex medianism. Agnathans evolved a system of variable lymphocyte receptors created
by differential rearrangement of genes encoding protein segments rich in leucine and with
variable amino acid sequences, which are attached to the lymphocyte membrane via a GPI
anchor2. Gnathostomes similarly rearrange a series of adjacent gene segments to create
their lymphocyte receptors, albeit using a different mechanism (described in sectidh3.1).
The end result in either case is an adaptive immune system with a comparably high level of

lymphocyte receptor diversity2.

The immune system relies on organs within the circulatory and lymphatic systemérstly,
for transport of cells, bu also for cell development and the interaction between different

cell types. Primary lymphoid tissue z the thymus and bone marrow z is where
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lymphopoiesis, development, and central selection take place. Once cells leave the primary
lymphoid organs, for the most part, they do not return.Secondary lymphoid organs (SLOs)
include the spleen and lymph nodes and are the sites of adaptive immune cell activation and
differentiation. SLOs are especially abundant in areas with high exposure to foreign antigen,
suchas the gut and throat, but exist throughout the body At rest, adaptive cells spend most
of their time cycling through these structures, whereas manynnate cells aretissue
resident4. Formation of tertiary lymphoid organs (TLOs) transient structures that resemble
SLOs has been observed in almost every tissue in response to inflammation caused by
infection, autoimmunity or cancef. TLOs facilitate antigen scanningactivation, and
differentiation of lymphocytes. The anatomy of lymphoid tissues aws T and B
lymphocytes discrete areas in the body to develop and systematically screen for antigen,
while the plasticity of TLOs ensuresactivation and control of the immune response

wherever it is needed.

1.1.2 Innate Immunity

The innate immune systemwhich is present in some form in all multicellular organisms,
relies on physical and biochemical mechanisms (for example barriers such as skin, anti
microbial peptides such as defensins and protein pathways such as the complement system)
as well as cells which act to rapidly protect the body from infection. Activation of the cellular

innate immune system occurs within minutes.

The major cell types of the innate immune system are phagocytes (macrophages and
neutrophils) natural killer (NK) cells, granulogtes (eosinophils and basophils), mast cells
anddendritic cells (DCs}7. Innate cells become activated after sensing pathogesr danger-
associated molecular patterns througlpattern recognition receptors (PRRs)located on the
cell surface or in the gtoplasm?”s8, or by other invariant receptors which bind antigen or
other ligands expressed on celbsto. A variety of rapid cellular responses are initiated

downstream of these receptors.
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Phagocytes directly engulf and destroy a broad range of pathagg while granulocytes and
mast cells release numerous toxic and inflammatory proteins, as well as chemical mediators
such as histamine which are involved in inflammatiofl. NK cells detect and kill virally
infected and cancerous cells after recognisgcellular stress ligands or the downregulation

of major histocompatibility protein class | (MHC I)proteins on the target cell surfacéz. All
nucleated cells express MHC | proteins on their surface, which are loaded with endogenous
peptidesinthecytod AOIi 8 4EAOA 1171 AAOI AO | AOE ditigenAAl OEU A
presenting cells (APCs) such as DCs and macrophages also express MHC class Il which
presents exogenously acquired peptides3. DCs have the unique ability to present
exogenous pegides on MHC class | allowing adaptive cells in the SLOs to respond to
exogenous and endogenously derived peptides from the periphery (see also sectib.3).

DCs castantly sample and process antigens from the extracellular environment. Upon
sensing danger signals, they activate and mature, undergoing morphological and

behavioural changes which allow them to efficiently activate T celi&

A subset of unconventioml T cells called 1 4 , whidhiade @ainly found in epithelial and

mucosal tissues, are generally considered to be innate. Their major role is in the
maintenance of barrier immune function and immune homeostasis. Their TCRs are not

always MHC restricté h  OT 1 EEA |1 4 # 2 OhAnvaddnt theycarbréedyhise AAET ¢ O

a wider variety of antigens including lipids-14.

Despite the lack of recombined antigen receptors, the innate immune response is not
completely generic. Many PRRs have evolveddetect a variety of antigens, which activate
different signalling pathways. Furthermore, innate cells employ a variety of pathogen
specific responses, for example producing type | interferons in response to detecting viral
DNA8. Thus, the innate immunesystem can respond with some specificity while activation

of the adaptive immune system begins.
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1.1.3 Adaptive Immunity

1.1.3.1 Cellular Immunity

The adaptive immune systenevolved more recently than the innate immune system anig
incredibly complexin function. Two major cell types, B and T lymphocytes, control humoral
and cellular immunity, respectively. Within each of these groups, there are multiple cell

subsets with specialist roles.

DCs present antigen to two major subsets of T cef<CD4+and CD8+z which are named for
the MHC coreceptor they bear on their surfadéts, In line with this, | rT-cell receptors
(TCRs) bind only one of two MHC typesclass | for CD8expressing cells, and class Il for
CD4AAGDPOAOCOET ¢ AAI 1 08 #3$yC 4celsAricyto@xicdydphocktesO |
(CTLs). After their initial activation in SLOs by APCs, CTLs travel to the site of infection or
cancer through the lymphatic and cardiovascular system, following chemokine signals
released from innate immune cell31?. Orce they detect a target cell bearing the same
antigen as they were primed with, they carry out their cytotoxic function by the release of
cytotoxic granules, antitumour and anti-viral cytokines such asfN-y AT A, o tirough

FasFasL interactionss.

The CD4+T-cell subset, also known as Thelperdcells, modulate the response of other
immune cells, including B cells, vissecretion of various cytokines. Depending on the
environment in which CD4+ T cells are activated, they can differentiate into seval
subtypest®. Major effector subtypesnclude Thl, Th2,and Th17 which coordinate responses
to intracellular pathogens, extracellular parasites, and extracellular pathogens,
respectively. Naive CD4+ T cells can also differentiate into an immune dampening
phenotype calledinduced regulatory T cells (iTegs). These acin a similar manner tonatural
regulatory T cells (nTegs), Which are produced in the primary lymphoid organs during

central selectior?®. These cellsnaintain immune tolerance under resting conditions and
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resolve inflammation by secreting antiinflammatory cytokines such as TG and IL-102°.
T follicular helper (Tfh) cells are responsible for coordinating the B cell response in
germinal centres by promoting differentiation and selection of B cells with the same antigen

reactivity.

1.1.3.2 Humoral Immunity

Themain function of B cells is to produce antibodies,-¢haped proteins containing domains
which bind antigen as well as Fc receptors on other (mainly innate) cells. Binding of
antibody to antigen and to Fc receptors leads to toxin neutralisation, pathogepsonisation
for phagocytosis, and complement activation B cells are also considered professional APCs

as they express cestimulatory molecules and can present antigen to T cells on MHC class

121,

There are two main classes of B cells, with most bejrdesignated type B2. Immature B cells
develop into several mature subsets, generally defined by their microanatomical
location22,23. Marginal zoneB cells are noncirculating B cells, residing in the area around
B cell follicles and the periarteriolar sheath in the spleen. They provide a rapid response to
antigens, particularly those that are blooeborne. Follicular B cells mature in the spleen,
then continuously patrol SLOs. Once activated, they transform either into shelitzed
plasma cells producing IgM antibodies or proceed to thgerminal centre where they
undergo somatic hypermutation, affinity maturation, and class switching, resulting in a
refined antibody responsé4. Some B cells become loAgzed memory cells which reside in
the bone marrow and produce antibodies rapidly in response to reinfection. Conversely,
regulatory B cells can quench Fcell responses by secreting antinflammatory cytokines

such as 1:1023,
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B1 cells are a small subset in humans which may have unique developmental origins.
Despite being ilkdefined in humans, they produce much of the circulating antibody pool,

ET Al OAET C O AOOOA Lobstitdtive) Exhresiedl b and §AiTospes O A

1.2 Interplay between Innate and Adaptive Immunity

The two arms of immunity are tightly interlinked. Generally, an inflammatory response by
the innate immune system induces a secondary response by the adagtiimmune system.
Some innate cells such asasophils and NK cells can directly modulateCD4+ T cell
differentiation with polarising cytokines. Additionally, a small subset of innate cells called
innate lymphoid cellshave been shown to phenotypically mirre some CD4+ T cell subsets,
and by doing so, provide an early source of important cytokinés Equally, adaptive cells,

especiallyCD4+T cells, secrete cytokines which can modulate the innate resporige

Arguably, the most crucial link between the innate and adaptive immune systemis the
dendritic cell. By processing and presenting antigens derived from pathogens or cancerous
cells, they are responsible for specifically activating and expanding the adaptive céllsDCs
polarise naive CD4+T cells using cytokines to one of many effector subtypetepending on
the local environment and type of antigen, thus directly influencing the nature of the
adaptive immune response. For example, ciivated neutrophils drive CD4+ Thl cell
induction through ligation of the integrin Mac1 to the Gtype lectin DGSIGNon DCgs.
Additionally, DCs can polarise T cells to a<f phenotype by presenting antigen whilst in an

immature or partially mature state, where they lack adequate cgtimulatory molecules7.29,

1.3 T Cell Overview

1.3.1 Development and Selection

T cells develop fromhaematopoietic stem cellsin the bone marrow. These stem cells

transition to lymphoid progenitors, which travel to the thymus (the organ for which T cells
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are named) tocarry out the rest of their development. The cells, now called thymocytes,
travel through the thymus, interacting with thymic stromal cells in discrete

microanatomical locationso.

The stages of development are subdivided into several phases, characséed by the surface
moleculesCD34, CD38 and CD1&hymocytes express CD34 at earlier stages, and acquire
CD38, then CDla expression as they devetbp As cells gain CDla expression, they
rearrange theiry thenr AT AA Eéné&sk. Two DI gene clugers33increase the chances

of successful chain rearrangementz indeed, 90% of these cells willeventualyA @D OA OO 4

TCRz although developing thymocytes seem to retain jpotential for some timest,

The TCR locus contains variable (V), diversity D) and joining (J) segments which are
recombined under control of the recombinationactivating genesRAG1 and RAG234,
Further diversity is generated by the introduction of R and N-nucleotides in the junctions
between the V, D, and J gene segments BfA 4 # 2 fand @A V &nd J segments of the
TCR gene®. | chain genes are allelically excluded, preventingimultaneous expression of

multiple 1 chains3s.

After r,y andr chain rearrangement, cells express the coreceptor CD4 but not CD8, making
them immature single-positive cells0. They then become early doublgositive cells,
expressing CD4 and C08 A E A EwnhicH apgeass to be the final stage whene-selection

and potential to form r 3T cells can occui.

Thymocytes undergor -selection to determine whether TCR chain rearrangement has been
productive, although the exact developmental stage at which this occurs in humans is
unclears. Cells express their rearraged; A BuvAhEthe invariant pre-4 | A BnA thé
CD3 complex, forming the preTCR which is capable of signalling if rearrangement is
successfut2. If signalling occurs, cells stop rearranging chain genes, expand rapidly, and

rearrange their TCR chain. If the rearrangement is nonproductive, cells die as they cannot
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express a preTCR and therefore do not obtain survival signatd32. The TCR locus,
containing only V and J segments, is then rearranged and replaces the-gra A I8 /& 1
TCR complef®. After | chain rearrangement, cellprogress toa double-positive phenotype

expressing both CD4 and CD8

At this stage, doublepositive thymocytes interact with thymic cortical epithelial cells, APCs
that express a high densityof MHC class | and Il loaded with seffeptides. Here, cells with a
weakly selfreactive TCR are positively selected and go onto the CD4/CD8 linage choice
stage,while the rest die by neglect i e.,lack of mitogenic cytokines}0.36. Negative selection
occurs mainly in the thymic medulla where thymocyte TCRs are tested for strong
recognition of seltpeptides on DCs. Here, TCR signalling leads to thymocyte apoptesis
This process, called central tolerance, prevents salgactive T cells exiting into the

periphery.

An important exception to this process is thenatural T regulatory cell (nTeg) population,
which derive from CD4+ cells with a moderate to higif CRaffinity for self peptide that
appear to escape this selection process by a currently unkmm mechanisn®0. Their
development is driven by the master regulatof~orkhead box P3 (FoxP3and their function
is to supress theeffector response of other T cells, maintaining homeostasis and resolving

inflammation 20,

The final process in thethymus is the CD4/CD8 lineage decisionanother area that is still

not fully understood. Several competing models exist to explain this procelsThe sacalled

OAl AOGOGEAAT 11 AAI 686 AOA OEA ET OOOOAOQET Talsi T AAT h >
from the coreceptors determine CD4 or CD8 terminal differentiation; and the selection

model, which suggests that cells are randomly assigned to CD4 or CD8 and subsequently

selected for function. A newer model, called kinetic signalling, suggests that@mbination

of signal persistence through the TCR as CD4 and CD8 expression changes, and cytokines
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such as IL7, drive development into the single positive phenotyp®. Once the CD4/CD8

lineage choice has been made, cells leave the thymus for the pegph

1.3.2 Subtypes and Their Function

The T-cell population is divided into two major groups:{ randr 3 Further divisions of) [T

cells are separated by coreceptor expression. Most CD8+ T cells become cytotoxic upon
activation. CD4+ T cells differentiaténto several subtypes, the most welstudied of which

are Thl, Th2, Thl7 Ty and Tfh. Other smaller subsets includenatural killer T cells and

cog 4 AAI 108 1 4 AAl | mOFCDH @OIGEH OB with Ba&ié E A O

and mucosal immunity ard can influence both the early and late immune responge

The role of CD8+ or cytotoxic T cells (CTLs)is to kill cells that are cancerous or infected
with intracellular pathogens. CTLs cause apoptosis in target cells, preventing infectious
material from spreading into the surrounding are&°. Their TCR recognises endogenously
derived peptides presented m MHC class I, which is expressed by all nucleated cellhey
alsorely on the MHC crossgresenting ability of DCs to react to antigemlerived from cells

located in the periphery.

Upon activation in the SLOs CTLs proliferate in an [E2-dependent manrer over several
days, then alter their surface molecule expression to facilitate travel to the site of infection
by following a gradient of chemokines and cytokine$l,42. Local inflammation of tissues
causes blood vessels to become permissive to immunellcextravasation#3allowing effector
cells to migrate from the circulation to the site of infection or cancer. CTLs move through
the tissue, searching for the activating peptide encountered in the SEOUpon engagement
of TCR with the cognate pMHCroa target cell, the CTL forms an immune synapse with the
target celk4. The synapse allows for full activation of the CTL and forms a tight contact
between the CTL and its target cell, facilitating controlled and targeted killing which can

occur through several mechanisms.

[26]
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CTLs primarily kill target cells by the release of cytotoxic granules containing perforin,
granzymes, and other components46, These are released in modified lysosomes which are
directed towards the membrane area in contact with te target cell by the centrosom@.47.
Although the specific mechanisms are unknown, perforin forms pores in the membrane,
disrupting osmotic balancet8,49, while granzymes cleave DNA, initiating apoptosi
Another mechanism employed by CTLs is Fas#B ligand signalling. Target cells express the
death receptor Fas, which is bound bifasligand on the T cel#55L, Ligation of this receptor
induces cell death by activation of caspas&s Additionally, the release of cytokines such as
IFN-r and TNFJ from CTLs have several effects on intracellular pathogens and diseased
cells, including blocking viral replication and increasing endogenous peptide presentation
on MHCIS3. After elimination of one target cell, the CTL continues to kill other cells
AEOPI AUET ¢ OEA AAQOEOAOQOET C Db-3y# ET A DPOT AAOO
As the immune response is curtailed, approximately 95% of the effector cell population dies
by apoptosis, driven by tle ratio of antiapoptotic and pro-apoptotic factorss455. The
remaining cells form the hyperresponsive memory cell population, which remain
distributed in the body indefinitely with maintenance from cytokines such as 7 and IL-
155%, Memory cells aremore sensitive and faster to respond than naive cells upon

stimulation, decreasing the severity of repeated infection in most cas®s

As with CD8+ T cells, CD4+ cells are largely activated in SLOs by DCs bearing agonist peptide
on MHQ?®. Depending onthe environment in which the DCs were activated, they become

primed to polarise CD4+4cells to different effector subset$9.57.

4AEA AAGATTPIATO T &£ 4Ep AAI T O EIR2 aiGhE O&skAl |1 U
transcription factor T-bet!®. They sgcifically eliminate intracellular pathogens by secretion
I £ )&.rh 1 UI bRIiwbidh@dvé effgcts onArionbnuglear phagocyte€D8+T

cells and nTef859. Th2 cells are specialised to remove extracellular parasites such as

helminthsé. Ther development depends on the master transcription factor GATAS,

[27]
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mediated by IL-4 and IL-1219. They secrete cytokines including H4 and IL-5, which control

B cell class switching to IgE and stimulate eosinophifs Th2 cells also have immune
dampening functions through secretion of I-:1061. Th17 development is stimulated by IL
21, IL-6, IL-23 and TGF and mediated by the transcription factor RORt19. They mount an
immune response against extracellular bacteria and fungi largely by secretion of-Il7,
which induces secretion of preinflammatory cytokines and IL-21 from a variety of immune
and nonrimmune cells. Thesdn turn activate T cells and NK cells and induce plasma cell

differentiation 19.62,

Tfth cells are polarised by IE6 and IL-21, driving STAT3 signalling®63. These cells are
localised to the follicles of SLOs where they drive antigetlependent B ceHmediated

immunity by several mechanisms. Firstly, by providing survival signals to the B cells with
the highest affinity BCRs; saandly, by inducing differentiation of B cells into plasma and
memory cells; and finally, by directing B cells to r@nter the cell cycle and undergo somatic

hypermutation 6465,

Natural Tregs, Which develop during central selection, are reliant on the méear transcription
factor FoxP39. Inducible Tegs are produced from conventional naive CD4+ cellsn the
periphery under the control of TGFf and IL-101920, Both subtypes control the immune
response to self antigens and help resolve inflammation. Thegirectly modulate DC
function, effector cell metabolism and behaviouthrough cytokines such as IE10, IL-35 and
TGFr 8regs4an also induce cytolysis of effector cells through the perforin/granzyme

mechanisnts.

1.3.3 Antigen Presentation to T Cells

Most TQRs (e, 1 4 #20Q A Anantigdn iwhén idi€prefented in a complex with
the MHC molecule. As previously described, there are two major types of T eseD4+and

CD8+ named for their coreceptor expression and therefore which MHC type they bind.
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MHCs are both polygenici(e.,every individual expresses a combination of several MHC

genes) and polymorphic {.e.,numerous variants exist of each gene within a populatiof},

which likely evolved to avoid pathogens escaping presentation to T cells.H\C molecules

are further divided into classical (HLAA, Band CforclasslandHE2 h $0h $1 AT A $:
for class 11¥7 and non-classical groups (including HLAE, CD1 and FcR#fj. Classical

molecules present peptidesonly andA OA OAODPT 1 OEAT A A& O AT OECAT DO
expressing cells, while norclassical MHC molecules present a greater variety of ligands

including lipids, vitamin metabolites and fatty acids to other type®f T celFs.

Both MHC classes are composedwfo chains,; AT A 8 &1 O -(# )h OEA |
as heavy chain) contains three segments, which painon-covalently to the invariant beta

¢ [ EAOIT CI TI; gk kthaih). MHE cldss Il contains two morsimilarly -sized chains

which form one immunoglobulin domain each. MHC molecules are anchored in the cell

membrane by either one (MHC 1) or two (MHC Iransmembrane stalks, and do not contain

a significant intracellular domain. The most critical part of the MHC structure, the peptide

binding groove, is formed with only the heavy chain in MHC | and both chains in MHC |l

molecules. The grooveitself is foOi A A A U-hel@es, whigh lie far enough apart to

accommodate shot DPADOEAA AEAET AAOx A AbheebiadedihDut®@D DI OOAA
structural differences in the peptide binding groove, MHC class | presents peptides of

typically around 8-10 residues’z’6, whereas MHC Il molecules accommodate peptides

between 13-25 residues in lengtfis.

MHC | molecules presentendogenousself and viral peptides which are derived from
proteins cleaved in the cytosol by proteases and fed into the endoplasmigticulum (ER) by
the protein transporter associated with antigen processing (TAP). TAP forms a peptide
loading complex in the ER with tapasin, calreticulin, ERp57 and an empty class | MHC
molecule’”.78, Once a stable peptiddMHC complex has been formedt, exits the ER andis

transported to the cell surface for presentation to T cedr8. MHC Il molecules present
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peptides derived from exogenous proteins which are transported into the cell by
endocytosis and subsequently degraded via the endgsosomal pahway7. MHC Il chains
are first assembled inthe ER in acomplex with an invariant protein (li) which fills the

peptide binding groove and targets its location tothe late endosomal MHC class |l
compartment (MIIC). Next, the invariant protein is cleavedby cathepsins leaving only a
short protein fragment called CLIP (liassociated invariant chain peptide) in the binding
groove. This is then switched for an exogenousigerived peptide fragment by the
chaperone HLADM and the peptidé MHC complex is then tansported to the plasma

membrane (Figure 180)77,

Additionally, presentation of exogenouslyderived peptides on MHC class | can occur,
particularly in dendritic cells, and is important for mounting an adaptive immune response
aganst viruses that do not infect dendritic cells, as well as tumours. This is called cress
presentation and occurs through two main mechanisms: the vacuolar pathway and the
endosometo-cytosol pathway. In the vacuolar pathway, exogenously derived peptidesear
loaded into class | molecules in the endtysosomal compartment, and in the endosom#o-
cytosol pathway, endocytosed proteins are transported to the cytosol and degraded by

proteases, where they are then transported into the ER by TAP
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MHC class | molecules can theoretically bind 7.7 x 4peptides and MHC class Il up to 1.2 x
1014, and the number of unique peptidepresented on a single cell may be up to 10,000 by
some estimated’. The large peptide binding capacity of MHC molecules, innsbination
with cross-presentation, and the ability of TCRs to respond to multiple peptiddMHC

complexes, means that specific aiggen detection by T cells is extremely efficient.

Exogenous

¥ antigen
_— &
é% Virus or

tumour
antigen

5";2 Proteasome
2

O Antigenic
O peptide

Heavy chain (HLA-A,
HLA-B, HLA-C)

Figure 1 Mechanisms of antigen presentation to T cells (A) Endogenouslyderived proteins
(either self or viral proteins) are cleaved into peptides by the proteasome and brought into the |
by TAP. A variety of proteins in the ER, including pasin, calreticulin and ERp57load the empty
MHC class | molecule with a peptide and it is subsequently transported to the cell surface whel
can be bound by CD8+ T cells. In some circumstances, exogenous proteins can be transported
cytoplasm ard processed via this pathway, leading to presentation of exogenous proteins on cla
molecules. Dendritic cells are specialised for this function. (B) Exogenous proteins are endocytc
and subsequently cleaved in the endosomal compartment. MeanwhileH@ class Il molecules ai
assembled with an invariant protein (li) in the ER, which is cleaved in the MIIC to form the short
peptide CLIP. This peptide can then be exchanged for a higher affinity antigenic peptide with
assistance of HLADM and the pgtide/ MHC complex is subsequently expressed on the cell surfi
for binding by CD4+ T cells. Fromefg0
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1.4 TheT-CellSurface

1.4.1 T-Cell Receptor

The TCR is a highly sensitive receptor, present at a high density { x 10/cell) 82on the T

cell surface. It is made up of two chains which form the ligand bindingoption (either 4 AT A

r,orr  A)8AThese chains have no functional intracellular regions, thus are incapable of

signalling. The functional TCRcomplex therefore is comprised of these two chains and a

hexamer of invariant CD3 proteins which provide tle ITAM motifs required for signal

transductions3. The CD3 chains all associate with each other and the TCR chains via-non

covalentil AET ¢Ch xEOE OEA #$or) AEIAIOA AN AEADRAA A

AT 1T OAAOGET ¢ &®BA 4#21r AEAEI

The ligandbinding | and 1 chains are type | transmembrane proteins, formed of an

extracellular domain (ECD)with variable (V) and constant (C) regions, a membrane

proximal connecting peptide (CP), singlgass transmembrane (TM) domain and a short

cytoplasmic tailss. The V and C domains aghe TCR h AT A OEA 4#2) 6 ATl Al
immunoglobulin-like £ 1 AOh xEAOAAO OEA #, Al |l AEThe EAO A |
4 # 2 1 TBR dhains are linked via several disulfide bonds in the C and V regighas wel

as other interactions between their CPs and TM domaifls The Nterminal variable

domains contain 3 complementaritydetermining regions (CDRs) which are the most

variable portions of the receptor. The hypervariable loop€£DR1 and CDRinteract with the

peptide and MHC molecule, while CDR2 interacts only with MBC CDR3 is the most

variable loop as it is encoded by the D and J gene segments which undergo additional
modifications, including N- and Pnucleotide addition, during genetic recombination. fie
FGlooponthe TCR AEAET Al 1 OOAT O OACEIT EO OAEA O bl A

AO xAil A0 Ai 1 OAAOE®C OEA #$orr EAOAOT AEI AO
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1.4.2 Adhesion molecules

To facilitate the TCR finding cogn@ pMHC, T cells also express a variety of adhesion
molecules on their surface, which differ in their size andlegree of interaction with TCR

signalling.

The |1 2integrin LFA1 (also known as CD11a/CD18)which binds ICAM-1-5 (mainly
ICAM), is a glycopotein expressed on all T cell subtype®. Its two chainsg | and, are
non-covalently associated and have a molecular weight of 180 kDa and 96 kDa
respectively?l. The structure of each chain comprises-8 unique extracellular domains and
an intracellular portion which interacts with the actin cytoskeleton and associated
proteins?2. The ligand-binding portion, domain 1, is located on thg chain which forms part

of the globular headpiecé&s. Ther chain (CD18)of LFA1 is shared with other integrin types

but the | chain(CD11a) s unique to this integrine4.

LFA-1 can exist in several different activation states which are controlled by its structure.
Low-affinity state LFA1l is essentially unable to bind ICAM1 due to its bentclosed
conformation sequestering the ligand-binding | chain | domain. Insideout signalling,
where intracellular signalling molecules interact with the intracellular portions of LFAL,
causes a rapid € 1 second) conformational chang#. This transforms LFA1 to an extended
conformation where the affinity for ICAM-1 is increased. The extended form comprises an
intermediate (extended-closed) and highaffinity (extended-open) state of LFAL which are
distinguished by the full opening of tte ligand-binding site (caused by disruption of the salt
bridge between the two chains) as well as the metal iedependent adhesion site (which
coordinates Mg+ ions to stabilise ICAM1 binding®). These changes in conformation
increase the affinity for ICAM1 approximately 9000-fold®3 and can be induced by
chemokines secreted by, for example, endothelial cells. LRAs also capable of outsidén
signalling, where ligand binding generates intracellular signalling via molecules including

VAV1, Lck, and ZP-709,
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The main role of LFA1 is to facilitate cellcell adhesion as well as being involved in cell
migration and arrest at the site of inflammatiorf2. Since TCR and LFA signalling together
are both necessary and sufficient to activate T ce¥sit has been widely assumed that LFA
1 contributes to early T-cell contact formation. However, since external signals are required
to prime LFA-1 for efficient ligand binding, it seems that its role in migration and late contact

formation may be more relewant.

Another adhesion protein, which may be more relevant to early-€ell contact formation, is
CD2. This relatively small (between 4660 kDa depending on glycosylation status) surface
protein is part of theimmunoglobulin superfamily (IgSF)and bindsCD58 (3D K 9-22 jM98)
which is expressed widely on both nofimmune (e.g.,endothelial and epithelial cells) and
most haematopoietic cellg®. Its extracellular domain comprises a \set IgSF domain, a G2
set IgSF domain, dinker, and a flexible stalkoo, Intracellularly, CD2 has adisordered
proline-rich cytoplasmic tail which contains five SH3binding domains that interact with
several intracellular proteins. These include Lck, and otherthat link CD2 with the actin

cytoskeletord?.

The CD2CD58 complex is likely to span a distance of ~15 nm (comparable T@CR/pMHC
interaction) as suggested by CD2 crystal structures with other ligand®101, This means it
is unlikely to be excluded from early close contacts formed by T cells and could even have a
role in stabilising them. Indeed, CD2 has been shown to initially colocalise with the TCR on
agonistpresenting SLB&%2, be enriched in memoy and activated T cell§?, and may be

enriched in microvillar tips103, again suggesting a role in early contact formation.

1.4.3 The Glycocalyx

Surface proteins that make up the glycocalyx essentially perform an opposing role to
adhesion proteins, making t harder for cells to form close contactsvhich are required for

activation. In immune cells, it is thought that the glycocalyx therefore prevents nespecific
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cell activation. Most cells have a glycocaly4105 which hints at its importance. The
glycocalyx contains proteins which are heavily mlylated, generating a strong negative
charge around the cell. This is at least partially responsible for its artidhesive effect due

to repulsion of like charges on other cel9s. T cells therefore mustpush through the

Cl UAT AAT Ug OAAOOEAOGE T &£ '0#0 AT A OAOCAO AAITO

kill infected or cancerous cells.

Two major protein components of the T cell glycocalyx are CD43 and CD45. CD43 is a highly
glycosylated singlepass transmembrane protein expressed densely (about 1.5 x &0
molecules/cell) on most haematopoietic cell&6.107, |t is estimated to protrude ~45 nm away
from the T cell membrané®® and has a molecular weight of 115 kDa or 130 kDa depending
on the lewel of glycosylatiorto?. The biological function of CD43 has not been studied in great
detail, and although several ligands have been suggested, including ICANF, it seems that

its clearest function (at least with regard to immune cells) is to provid a physical barrier to
cell/ cell contact as part of the glycocalyx. Another crucial surface glycoprotein and

component of the glycocalyx, CD45, is discussed in detail below (sectibb.3).

1.4.4 CoStimulatory and Calnhibitory Molecules

Costimulatory/inhibitory molecules are crucial to the fine tuning of T cell function by
modulating TCR signalling in either a positive or negative manner respectively.

Furthermore, co-stimulatory receptors such as the prototypical molecule CD28 are required

E

A1 O CAT AOAGET ¢ OEA OO-Beléclvationd@ECT A1 8 T AAAOOAOU &I

Ligands for these receptors (of which there are many) are found ubiquitously but change
depending on the cell type and tissue environment. Professional APCs such as DCs change
the variety of costimulatory/inhibitory receptors on their surface in response to
environmental cues, thus modulating the Icell response. For example, T cells interacting
with an APC in an immunosuppressive environment are likely to become tolerised or

exhausted, whereas under conditions of inflammation an effector response will be
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generated10111,  Co-stimulatory/inhibitory  receptors mostly fall into two groups,
designated the IgSF and theNF receptor superfamily, which each contain subgroups based

on amino acid composition, protein structure and functiollt,

Well-studied oco-stimulatory moleculesinclude CD28, ICOS-2BB and OX40 (the latter two
are used in CAR T cell therapies). CD2 also belongs to this category in addition to its adhesive
role. Stimulation of these receptors promotes Iell proliferation, survival, and guides
differentiation and effector function. Conversely, canhibitory receptors such as CTLA4,
LAG3 and TIGIT inhibit progress through the cell cycle as well as inducing tolerance,

exhaustion and even apoptosis of T celis.

1.5 T-CellTriggering Apparatus

The first step in signalling through the TCR is known as triggering, where the activating
signal is relayed to the intracellular portion of the receptor complex allowing recruitment
of proximal signalling molecules and ITAM phosphorylatioft2. ITAM phosgorylation is
necessarybut not sufficient, for full T-cell activation09.113, Phosphorylation of ITAMs occurs
within seconds of productive TCR/pMHCDbinding!14, but even in this short period of time a

number of molecules are involved.
1.5.1 T-Cell Receptor Complex

The CD3 h 3yafid CDBRchains are alltype | transmembrane proteirs, each comprised of
an extracellularimmunoglobulin domain, short CPTM segment, and an intracellular ITAM
sequencaé+8d, ITAMs containpaired YxxL/l motifs separated by aspacer of 6-8 amino acids,
creating the consensus sequenc¥xxL/I-Xs.s-YXXL/l. Many ITAMs also have aegatively
chargedaspartic or glutamic acid residue at position +2 relative tdhe first tyrosine115.116,
The sequence and spacing of the residues in th€AM motifs permits binding by SH2

domain-containing proteins!t’. The CP of the CD3 chains contains a conserved CXXC motif
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which may be important for TCR signallingt8. These CD3 chains are found as heterodimers
of eitherrandy, orrandr 8 / éadh hétefbdimer is associated with the TCR comples.
Finally, each TCR complex has two CB3 A E @v&vidigy six of the total ten ITAMs in the
complext20, The CD8 chains have a shorECDO TM region, and a long cytoplasmic region
containing the ITAMs!2., Two # $ o  Af@A B Ih@nodimer, interacting through a
disulfide bridge and the coiledcoil structure in their TM domains$4120, The structure of the
intracellular sections remains poorly resolved4, reflecting its flexible nature. Structural
data published in 2019 suggests that the CIB3Bomodimer is instrumental in the assembly
of the TCR complex by forming hydrophobic interactions with the other CD3 chains in their

TM regionsp4.

1.5.2 Coreceptors

As early as the 1970s, T cells were subdividedito two groups based on their main
functions: cytotoxicity or B cell help!s. It was subsequently discovered that the surface
molecules CD4 and CD8 could be used to distinguish between thése subtypes, or more

accurately, the class of MHC molecule bodrby the TCRe.

Both CD4 and CD8 are surfaggycoproteins with molecular weightsof 58 kDa22 and 32-34

kDa respectively23.124, CD4 is a single chain made up of an extracellular region of four IgSF
domains with a short stalk linking theextracellular portion to an intracellular tail containing

the binding site for Lck which is facilitated by a zinc clasp125127, |ts binding affinity for

MHC is exceptionally low, measured recently at2.5 mM (3D k!28). CD8 comprises a
heterodimer of | andy chains (howeverCD§ | A@GDPOAOGOEI T AAT 1T AAOOQ
| with an approximate affinity of 150 pM=27. It comprises a single immunoglobulin-like

domain connected by a long stalk to a transmembrane domaiwith a similar cytoplasmic

tail structure to CDA4125.127,

Coreceptors are recruited to theTCR/pMHCcomplex where they bind MHC and bring Lck

into proximity with the TCR intracellular chains!2®, While some studies have shown that

[37]
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coreceptors can strengthen cell responses by manyorders of magnitudet30.131 others
have shown that neither CD4 nor CD8 are necessary to induce signalling, as high affinity
ligands can triggerthe TCRwithout coreceptor expressiorté.131, Their purpose on T cells

therefore may be to improve sensitiviy to low affinity antigens.

1.5.3 CD45

Protein tyrosine phosphatases(PTPs)are equally important to T cell function. One of the
most critical PTPs involved in TCR triggering is CD45, which is a large singlass
transmembrane protein expressed at high levelsn the T-cell surface. CD4&leficient cells
have severe signalling impairment&32, and patients without CD45 develop severe combined
immunodeficiency!33, illustrating its importance in T-cell signalling. The heavily
glycosylatedECD has four fibronecm type Il repeats, one of which is rich in cysteirnig4.135,

A 22-amino acid transmembrane domain links the ECD to the cytoplasmic region of 705
amino acids34, comprising two phosphatase domains. Exons 4, 5 and 6 of the CD45 gene
correspond to mucinlike protein domains A, B and C which are differentially spliced to
create several isoforms. Cells express the different isoforms of CD45 depending on their
subtype, stage of development, and activation status. Naive T cells generally express
CD45RA, whereasactivated and memory T cells express CD45R0O (a shorter form that
includes neither A, B nor C muchlike segments}36. CD45 has a complex role in TCR
triggering as it can positively regulate Lck, but also dephosphorylates CD3 ITAMs which

directly opposesLck functiont37.138,

1.5.4 Lck

The main protein responsible for phosphorylation of TCR ITAMs is Lck, a 56 kDa Src family
tyrosine kinaset39.140, Cell lines deficient in Lck cannot signal through the TER and Lck
deficient mice have severe block in Tatl development4t, demonstrating the importance of

this kinase. Lck contains myristoylated and palmitoylated residues in its fi&rminal Src
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homology (SH) 4 domain which facilitate attachment to the cell membran&o.142 |t
associates with the corecepirs CD4 and CD8 through a zinc clagp, although the fraction
of total Lck bound to these receptors, and the importance of this in TCR triggering, is
controversiall29.143.144 A single SH2 and SH3 domainind phosphorylated tyrosines and
proline-rich regions, respectively The catalytic tyrosine kinase domain is followed by a

short Gterminal tail which is important for the regulation of the kinase!42.

Lck exists in one of four possible phosphorylation states with different activity levels. The

main proteins responsible for driving change between these states are the PTP CD45 and

the kinase Cske®. Two tyrosine sites on Lck have critical importance Y394 and Y505When

TT OEOAO AOA bPEI Ob BDIOEU IAMGAAGGOW GdkEse B0ty 1 BT A O
Autophosphorylation at Y394, located in the activation loop of the tyrosine kinase domain,

increases its catalytic activity by2-4-fold1392.145, Conversely, Y505 phosphorylation in the-C

OAOI ET A1 OAEI AU #OE bA O daddging b&dorfioEniatn dkllek , AES O 3
and blocking interactions with other signalling proteing4ézi48, |f both sites are

phosphorylated Lck is catalytically active, perhaps as much as Y38donophosphorylated

Lcktao.149. Although CD45 can dephosphorylatany of these regulatory sites, it seems to act

as an overall suppressor of Lck activity at the expression levels observed on T céfgst,

Another Srckinase, Fyn, has also been found to associate with the CD3 chaif?, and Fyn
deficient mice displhy some defects in TCR signallidg. However, its comparative role in
TCRtriggering seems to be minimal and instead it may play a more important role in T cell

developmenttss,
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Figure 2 Important components of the resting T -cell surface The major surface components c
the TCR triggering apparatus drawn roughly to scale on a resting T cell. The TCR cai
phosphorylated randomly by Lck (yellow star) and just as frequently dephosphorylated by tt
phosphatase CD45. Ceceptors such as CD4 can be boundltok,and this may facilitate early ITAN
phosphorylation during TCR triggering. CD2, a small adhesion protein, binds CD58 on APCs or t:
cells and brings their membranes into close apposition. Figure adapted froraf18s

1.5.5 ZAR70

After ITAM phosphorylation, anotherprotein tyrosine kinase, ZAR70, is recruited to the
TCR compless4155, ZAR70 is a cytoplasmic protein vital for TCR triggering, demonstrated
by the fact that ZAR70-deficient patients exhibitsevere immuodeficiencyi54.155, It contains
two SH2 domains separated by a linker sequence (interdomain A), and a kinase domain near
the C terminus separated from the SH2 domains by another linker regiginterdomain
B)1ss. Like Lck, ZAP70 requires full activation through phosphorylation, as it exists in an
autoinhibited state at restsé. After binding the TCR ITAMs through its SH2 domains, the
autoinhibited conformation of the protein is relaxed, and full activation occurs after upon
phosphorylation of the kinase domain by Lck or other ZARF 0 molecules intrans157z159, ZAR

70 then facilitates further signalling through phosphorylation of scaffold and adaptor
proteins such aslinker of activated T cells (LAT) and SH2 domain containing leukocyte
protein of 76kDa (SLP76)160. Syk, another kinase expressed by lymphocytes, has a similar
role in TCR signalling, however, it is not vital for normal T cell function and is instead key

for BCR signallings!.
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1.6 Models of Triggering

Despite decades of researchihe mechanism for TCR triggering, and indeed other immune
receptors, is not agreed upon. The intriguing balance between TCR sensitivity (that is, the
ability to react to very low frequency of agonist pMHC) and specificity (the ability to detect
small changesin peptide sequence, without highaffinity ligand/receptor interactions

provides a difficult set of observations to reconcile.
1.6.1 Conformational Change

This model necessitates that a structural change in the extracellular portion of the TCR
translates into the CD3 chains, thereby facilitating the phosphorylation of ITAMs, for
example by exposing the ITAM sites for Lck binding. One structural study of ther
heterodimer noted a reversible conformational change in the A loop of the# Jdomain
upon ligand binding and proposed that this could be involved in triggering2. The change
was observed inf 1 E A O Aol diffErénAspecificities and did not occuwhen binding
antagonist pMHC However, a more recent structural study of the complete TCR complex
showed that this loopis partially buried, although the authors did not rule out the possibility
of a role in higherorder oligomersg4. Other crystal studes of bound and unbound TCRs
suggest that any conformational changes observed are unlikely to be translated to distal

regions of the receptotss3, or are likely not large enough to have any effeit

Other studies have suggested that a conserved CXX@tif in the CP of the CD3 chains
transmits a signal to the intracellular portions of the receptor, independently of
clustering!8. Indeed, nutations in this motif of the CD% chain have been shown to quench
TCR signallingand impair T cell developmentin vivo!l8. However, a mutagenesis study of
the CDRECD did not find any effect on antibodynduced TCR triggerindé4165. Some studies
suggest that CD&cytoplasmic tails interact with the inner leaflet of the plasma mmbrane,

and are released upon ligand binding, making the ITAMs available for bindité However,
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when phosphatases are pharmacologically inhibited, ITAMs are readily phosphorylated in
the absence of TCR binding, suggesting these sites are not sequest&fe Another study
suggess that a conformational change in# $ ofacilitates binding of the adaptor protein
NCK, which initiates signalling. Subsequent studies however found the role of NCK to be in

regulating TCR expression, not triggerin§o.167.

Conformational changebasedmodels can explain TCR triggerindpy monovalent antigen
and surfacebound antigensbut are not well supported by structural or experimental data.
Additionally, other models could also explain TCR triggering from monovalent antigeand

ligands at surfaces.

1.6.2 Mechanotransduction

The notion of force inducing changes in the TCR came about from recognising that the
interaction of pMHC and TCR in live cells was likely to exert a force on the TCR
complexti2.ie8 and the fact that surfaceethered ligands are better at inducing signalling
than soluble ligandg6®. Most studies support the idea of a pulling force on the TCR, but
others suggest pushing, shearing or twisting8170, One study showed thatOEA # $or
heterodimer demonstratessome rigidity17L, hinting at a possible role forforce transmission.
The authors of a complete TCR complex structure suggest the structure does not exclude
the possibility of piston-like movement, although this would likely disrupt inter-chain
interactions that may be important for structural integrity84. Drugs that disrupt the actin
cytoskeleton, a likely candidate for force generation, have been found to prevent formation
of TCR microcluster$’2 and abrogate sustained TCR signalliag, although triggering of
TCRs by solublg(oligomeric) ligands suggsts that force may not be required to initiate
signalling!74.  Moreover, binding of small adhesion molecules such as CGH58 could
insulate the TCR from many potential forces applied through pMHC in a physiological

setting100.
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Force-based models cou explain how variable ligands induce the same conformational
change in the TCR, and studies which have applied force to the TCR demonstrate subsequent
triggering168.175, However, the ability of soluble antigen to induce triggering of the TCR
suggests foce is not necessary, and while force generation by T cells has been
demonstrated!76z178, a recent study shows that these forces are very wedK. Furthermore,

it is currently impossible to determine whether force directly causes TCR triggering in a

physiological setting.

1.6.3 Receptor Aggregation

It is well established that TCR crosdinking results in triggering. Indeed, studies have
demonstrated triggering through induced clustering by antibodies or multimeric
pMHC412.174, One study suggesed that CD3 chains are arranged away fromimportant
dimerisation motifs in the constant regions of both thg randr JTCR, and that if these areas
are mutated, signalling is impairedé2. This asymmetry in the TCR complex structure was
confirmed recentlys4. It is unclear, however, how receptorclustering leads to ITAM
phosphorylation and what the physiological relevance of this is, since T cells do not
encounter multimeric pMHCin vivo, and a recent study showed that monomeric TCRs are
responsible for ligand remgnition7®. One idea is that CD4 or CD8, which are associated with
Lck, bring the kinase into proximity with ITAMs as they bind MHC on the APC. However,
soluble monomers of pMHC cannot trigger the TCR in solutigf, and studies suggest most
Lck is na associated with coreceptor$#9.180. making the role of Lckbound coreceptors
partial at most. The pseudodimer model suggests that unbound TCRs cluster around a
pMHGbound TCR through their coreceptors. This could explain triggering in response to
low ligand concentrations, and some studies have provided evidence that self pMHCs can
enhance TCR signalling!, although the data is not consistent across Cb4nd CD& T

cellsts2 and signalling still occursin the absence otoreceptorstss,
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While receptor aggregation undoubtedly leads to triggering, single pMHCs can trigger the
TCR under specific conditions suggesting aggregation may not be neces$&rips
Furthermore, in vivo, ligand density will not likely be high enough to induceeceptor cross

linking, suggesting a com@mentary or alternative mechanism.

1.6.4 Kinetic Segregation

The kinetic segregation (KS) model of TCRiriggering!8s centres on the balance of signal
enhancing kinases and signadjuenching phosphatases with access tthhé TCR ITAMs. At
rest, T-cell surface proteins diffuse freely. Proximal signalling kinases such as Lck therefore
randomly collide with, and phosphorylate, TCR ITAMs. Phosphatases such as CD45 behave
in a similar but opposing manner, leading to a resting edlibrium where net TCR
phosphorylation is not enough to activate the cell, but may instead promote cell survival or
other functions!ss . When an APC interacts with a T cell using small adhesion molecule pairs
such as CD5BCD2, the membranes of these dslare brought into close appositiorg areas
excluded from close contacts, whereas Lck, with no ECD, is unaffeétéédUnbound TCRs
continue to diffuse randamly regardless of their location, but pMH&bound TCRs are
retained in the close contact. The dimensions GFCR/pMHCare expected to be similar to
CD58 CD201, therefore are retained in close contacts. The local lack of phosphatase activity
in close contats shifts the equilibrium towards net TCR phosphorylation, which is

sustained for long enough at agonist pMHBound TCRs to initiate intracellular signallingss.

Evidence for this theory has been directly obtained using live cell imaging, where CD4fnc
be seen forming rings around close contacts, whereas Lck is homogeneously distributed
within and around the contactss. Furthermore, the extracellular domain size of
phosphatases such as CD45 have been shown to directly influence trigget#tge’, as has
altering the gap size between T cell and activating surfat, and extending the pMHC

ligand!se. An important prerequisite for this model is that all molecules in the TCR triggering
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apparatus are freely diffusing and monomerig®.19.191 which indeed has been observed
through a variety of biophysical and biochemical method, although is disputed by some
studiestoz194, An important prediction of KS, which is not explained by other models, is the
occurrence ofligand-independent triggering. This states that triggering can occur without
TCR binding a ligand itetained for sufficiently long enough in the close contacto allow
ITAM phosphorylation and recruitment of downstream signalling proteins before the TCR
diffuses out of thecontact!35.185, Indeed, this has now been demonstrated in imaging studies,
where either increasing the area of the close contacts without ligand preséfi or slowing

TCR diffusion within close contact®6was shown to coincide with increased TCR fgigering.

Molecular redistribution theories such as KS are intuitive and backed by a variety of
experimental data. However, they cannot explain the apparent need for such complex
regulation of Lck8 (see section 1.5.4) and do not necessarily exclude additional

mechanisms of triggering such as conformational change.

1.6.5 Lipid Rafts

Another type of molecular reorganisation theory involves areas of lipid heterogeneity ithe
cell membrane called lipid rafts. This theory suggests thatCRbinding to an agonist pMHC
leads to its association with lipid rafts, which are enriched with certain proteins such as Lck
and deficient in proteins such as CD4%.197. Models involving lipid rafts are controversial
as methods initially used to prove their existence were later dismissed as unreliadibs,
Furthermore, a FRETbased study found no evidence of lipid raft probe enrichment at TCR
microclusters202. Nevertheless, there is still some support for this model, and newer
imaging probes have allowed for more detailed visualisation of lipid heterogeneity in the
membrane of model systems and living T cell#.200. For example, a 2015 study observed
aggregaton of ordered lipid domains surrounding the TCR upon microcluster formatio#?,
and another study in 2021 showed that TCR crosslinkingr ligand binding, changes its

preference to a more ordered lipid environment, although this was measured after cell
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spreading®®. A more recent study4¢ used a combination of microscopy techniques tshow
CD45 preexclusion in microvilli tips of human and murine lymphocytes which was
reversed by depletion of cholesterol, suggesting a lipithediated partitioning of membrane

proteins. However, they did not directly visualise cholesterol amicrovilli tips.

Lipid-based models are an interesting prospect butemain to be supported fully by the
literature . Although some studies have demonstrated differential lipid composdn in the
cell membrane, and in relation to the TCR and other relevant proteina,direct link to the

mechanism ofTCR triggering remains to be demonstrated.
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Figure 3 Main models of TCR triggering Models proposed to explain TCR triggering generally fi
into three categories: receptor aggregation, conformational change, and molecular redistributic
TCR aggregation could be facilitated by coreceptors or binding self pMHC. Clustering of recef
leads to TCR triggering but the mechanism by which this occurs is unknown. Conformational cha
possibly induced by force, could permit triggering by making ITAMs available for phosphorylatic
or by facilitating receptor clustering. Close contacts createthy the apposition of T cell an
APCltarget cell membranes could physically exclude phosphatases with large extracellular doma
creating a local region permissive to sustained ITAM phosphorylation. Finally, preference
transmembrane proteins for certdn lipid domains within the membrane could facilitate bringing
TCR into proximity with Lck and induce triggering Figure taken from ref112

1.6.6 Kinetic Proofreading

The kinetic proofreading modeldoes notexplain the TCR triggering mechanisnper se
however it is important to consider in the context of TCR triggering as it could explain how

ligand discrimination takes place.

First postulated in 199203, the kinetic proofreading mechanism suggests that efficient
discrimination by the TCR is achieved by theoccurrence of numerous reversible

biochemical steps in between ligand binding and signal transduction. These steps require
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energy input and/or recruitment of other signalling molecules, for example tyrosine
phosphorylation or recruitment of ZAR70 to phosphorylated TCRs chains. This creates a
time delay between TCR binding andona fide signal generation. Furthermore, upon
dissociation of TCR/pMHCbinding, these steps must be reversibleg(g.,by phosphatase
activity), and this must happen at a sufficiently fast rate at which noeiagonist pMHCs

binding to TCR (mostly) do not cause signalling.

In support of the kinetic proofreading model studies have shown that Jcell activation is
dependent on TCR/pMHChalf-life204.205, However, other studies have shown that ligands
with short dwell times can robustly activate T cell&%.207which seems to be at odds with this
model. It is possible that pMHC rapidly and repeatedly binding the same TCR could
artificially increase the dwell time on the TCR for long enough to induce signallif§, but
the rapid diffusion of unbound membrane proteinson the cell surface makes this unlikely.
Another apparent contradiction to this model was that the TCR was thgint to display a
sharp affinity threshold response which could not be reconciled with its extremely high
sensitivity by the kinetic proofreading modeld8. Recenty however, a thorough analysis of
T-cell responses to ligands of different affinitieshowed that the TCRn factdoes not display

a sharp affinity threshold responsé’s, therefore providing new support for the model.

1.6.7 Serial Triggering Model

4EA OAROEAI OOECCAOEIC i1 AAI OOCCAOOO OEAO 4 A
triggered by a limited number of agonist pMHC and use this to make the decision for

activation. This model was proposed t@xplain the observation that T cells downreglate a

far larger (up to 200-fold) number of TCRs than the number of agonist pMHC molecules

presented to thent?, noting that the binding affinity of agonist pMHC/TCRIs low in

comparison to other biological molecules such as antibodie.

In support of this idea, one study showed that shoflived TCR/pMHC interactions could
lead to T-cell activation when rebinding of pMHC was rapid and to TCRs within close
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proximity 205, Interestingly, simultaneous binding events did not increase the chaacof

activation. Another study which monitored the activation of T cells with different TCR

expression found that a threshold number of TCRs (~8000 without, and ~1500 with
costimulation) was required to induce TFcell activation, suggesting signal integratin over

4#20 xEEAE EO OAT Ol OAA8 Au OEA AAIT18 (1 xAOAON
calcium flux suggesting that there are additional mechanisms between TCR triggering and

T-cell activation?10,
1.7 TCR Microclusters

Tightly linked with TCR triggering is the formation of TCR microclusters. These small
clusters of TCRs are consistently observed on T cells interacting with ligaqmiesenting

surfaces or cell§722112214, They can form on T cells interacting with mobilei(e.,SLBs, APC)
or immobile (i.e., protein-coated glass) surfaces although only mobile surfaces allow for

microcluster movement and eventual immune synapse formation (see sectidn8).

Clugering of TCR components was first noted 2000 in T-cell/ B-cell conjugates?s, and
subsequent measurements have quantified the number of TCRs in microclusters to be
between 40-200172.212.213 Microclusters are detectable within seconds of T cells istacting
with an activating surface72213, However,some studies argue that smaller TCR clusters
(sometimes termed nanoclusters) alreadyexist on resting cell$92.193 possibly with other
molecules such as LAS, and that these clustersoalesce to form larger structures upon
TCR triggering16.217, One study found that denser TCR microclusters have a higher
probability of containing phosphorylated signalling proteins, thus suggesting a role for
cluster formation in signal initiation217. Microclusters generally form before or

simultaneously with calcium fluxt72213215 g downstream marker of TCR triggering.

TCR microclusters have been observed to colocalise with important signalling and
scaffolding molecules includingZAR70 and LAT172213214 and to exclude the phosphatase

CD4311218, In one study, TCR microclusters were observed forming structures called
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@icro-adhesion rings) with central TCR surrounded by a ring of LFA, similar to a small
version of the immune synaps&?2. Furthermore, there is some evidence that TCR
aggregation in microclusters also aggregates ordered lipid domains in the-cell
membrane201, although the functional relevance is still unclear, and this result has been

disputed by other studies02.

Since the development of superesolution microscopy techniques, the spatiotemporal
resolution of TCR microclusters and other molecules involved in signalling has been studied
extensively. It is generally accepted that ZARO is highly colocalised with the TR but that
other proteins such as LAT are found in segregated domains surrounding the TCR, although
they partially overlap with ZAP-70216219.220, Other molecules such as the adaptor SI®
have beenobserved on the periphery of LAT cluster®0, and ather studies demonstrated
localisation of other signalling molecules, including # + h 0, # r harodndl IZAT &ntl 6 p
TCR microclustes?l4. These imaging studies suggest the formation of highly structured

signalling hubs nucleated by TCRs.

Once the cell has spread, new microclusters continuously form at the periphery of the cell
where they initiate signalling by recruiting molecules such as&P-70 and SLP76213, As they
move inwards, they lose association with these proteins, and upon reaching the cSMAC at
the centre of the cell (described in sectiorl.8), their signalling is respectively terminated

or propagated by a balance between receptor endocytosis and clearing of the phosphatase

CD45, which occur in different temporal phaseg2211.213,221,

It is generally believed that TCR microclusters are thaitiators and propagators of TCR
signalling. However, there is some opposing evidence to this theory. Firstly, blocking pMHC
binding has been shown only to prevent new microcluster formation and not disrupt
established microclusters, a result recapitulagd by disruption of the actin cytoskeletont!.
Furthermore, cytoskeletal disruption was found to abolish TCR microclusters in a study

where TCR microclusters were observed on resting cel®, suggesting a role for active
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processes in the formation of TCR microclusters. Finally,imaging data acquired by
Yokosuka and colleagues? demonstrated ZAR70 recruitment in the periphery of activated

T cells to areas with no visible TCR clustering, suggesting that Z&B may be recruited to a
single TCR. If tre, this would imply that TCR microclusters are not required to initiate

signalling.

If TCRs are indeed randomly distributed on the -Eell surface, presumably some form of
signalling would be required to form microclusters in the first place, especially ipassive
clustering can be ruled out €.g.,when ligand density is very low). In line with this, an
imaging study on live T cells provided evidence that antigen recognition is carried out by
monomeric TCR&7°. However, a study using a reductionist DNA niel TCR system showed
that ligand on-rate was increased in areas adjacent to ligandound receptors relative to
other cell areas. Furthermore, larger receptor clusters more efficiently recruit and retain
ZAR70222, Therefore, the question of exactly howl CR microclusters relate to initial TCR

signalling remains open.

The importance of protein distribution within the 3D structure of the T cell is a topic of great
interest. T-cell topography will be discussed in detail in sectiond..9 and Chapter4, but it is
increasingly clear that T cells likely do not form completely flathomogenous contacts with
other cells or model APC surfaces. Indeed, studies of contact formation by T cells have
demonstrated small points called close contacts where the large phosphatase CDA45 is
passively excluded, presumably as the-Gell membrane comesnto close apposition with
the underlying surface3s. Therefore, these variations in structure could be expected to
influence the apparent distribution of cell surface proteins, especially with methods such as
TIRFM, which is very sensitive to changesifluorophore distance from the interacting
surface (see sectiori.15.3). In agreement with this idea, a study observing microvillar close
contacts made by T cells oguantum dot decoratedsupported lipid bilayers noted that TCR

intensity was often increased at areas of close contact formati@?#. This suggests that, at
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least in part, observations of TCR microclusters might be due to fluctuations in-cell
membrane topography. However, this idea has not yet been thoroughly explored, which
could be explained at least in part by the lack of appropriate surfaces on which to image T
cell topography and protein distribution simultaneously. Previous work from the Davis
group (described in the thesis of Edward Jenkins) led to the creation of a more physiological
SLB APC model (described in sectidn14.2.2, which includes (amongst othe components)
glycocalyx proteins which are excluded upon close contact formation. This APC model

presents a method to investigate the relationship between -tell topography and TCR

microclusters.

While the existence and structure of TCR microclusters haveen extensively examined,
new observations have begun to cast doubt on the exact nature of these structures, in
particular, their relationship to signalling and T-cell topography. The function and

formation of signalling TCR microclusters will be addresed in Chapters.
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Figure 4 TCR and ZAP70 microclusters appear on T cells interacting with activating surfaces
Primary murine T cells expressing EGFEZAP70 were placed on SLBs presenting agonist pMHC ¢
ICAM1 and fixed after different time points then stained for CD&. Throughout the time points smal
clusters of TCR and ZAP70 can be observadd thesechange over time as the immuneyapse begin:
to form. TCR and ZAP70 strongly colocalise at early time points but ZAP70 is less abundant ir
centre of the cell as time moves on, indicating that active signalling occursinly at the cell periphery
as the immune synapse is establishe&igure adapted from ref213,

CD3¢e

1.8 Downstream Signalling and Activatiorof T Cells

After triggering, numerous downstream signalling pathways become activated, ultimately

resulting in a change in the Tcell behaviour to initiate effector function.

Phosphorylated ITAMs provide a docking site for ZAHO, a key molecule in the initiation of
further signalling (see sectionl.5.5). Two important targets of ZAR70 are the adaptos LAT

and SLR76224.225 which, along with ZAR70, form a multimolecular signalosome which
initiates signalling cascadescontrolling the cytoskeleton, integrin activation and gene

transcription 226
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The kinaselL-2-induced tyrosine kinase (Itk), activated at the proximal signalling complex,
activates phospholipase C gamma 1 (PL@), which subsequently cleaves the membrane
lipid phosphatidylinositol -4,5-bisphosphate (PIB) producing the second messengers
inositol triphosphate (IP3) and diacylglycerol (DAG). IR activates the calcium channel IR
on the endoplasmic reticulum membrane, releasing intracellular calcium storé%. This
increase in calcium activates proteins such as calcineurin, which promotes nuclear
localisation of the nudear factor of activated T cells (NFAT), a transcription factor

responsible for, among other things, I£2 production22s,

DAG initiates two major pathways involving mitogeractivated protein kinases (MAPK) and
protein kinase C[ O #[ 8 4 EA - bdpins withAddtivatich Wf the guanine
nucleotide-binding protein Ras and culminates in translocation of transcription factors such
as STAT3 and activation proteirl (AP-1), leading to CD69 upregulation and cell
survival22822e8 0 + # [ E1 AttaAsfhétion ¢ RR[B, itdch initiates transcription of

genes involved in cell survival, proliferation and effector functionzo.

T cells become activated after receiving two extracellular signafsthis is known as the twe
signal hypothesig3!. The firstis TCR binding with agonist pMHC and coreceptor support
and the second is engagement of estimulatory receptors by ligands on the APC, which are
upregulated after APC activatiotio. CD28 binding CD804lso known asB7-1) on APCs are
the prototypical cogtimulatory pair, but other important co-stimulatory molecules on T cells
include 4-1BB and OX4@1.232, Without both signak, T cells cannot carry out their effector
function and become anergit?®.233. On the other hand, o-inhibitory receptors such asPD-1
and CTLA4 negatively regulate T cell activation by recruiting phosphatases through their
immunoreceptor tyrosine inhibitory motif (ITIM) domains4, and also by competing for

binding with ligands of costimulatory receptors23 (see also sectionl.4.4). Cytokines

OAl AAGAA AU '0#0 AOA CAT AOAIT I U maybbd3peAsAb@A A

for T cell activation and instead play anain role in T helper cell polarisatior?ss.

[54]
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T cells contacting APCs or target cells often form dynamic structure called the immune
synapse orsupra-molecular adhesion complex (SMACXontaining a distinct pattern of
surface receptors. Small molecules such &CR/pMHCand CD28 localise to the centia
SMAC, adhesion molecules such as LEAICAM1 form a ring around these in the
peripheral-SMAG37 and other molecules such as CD43, CD44, and CD45 are found in the
distal-SMAGQ?2t, The spatietemporal location of these molecules is likely to be importat in
facilitating full T cell activation through several mechanism&3. Moreover,differences in
SMACGCarchitecture and timing between T cell types hint at different functions depending on
context238.239, However, an immune synapse has not yet beenrdctly observed in T cells
interacting with DCs, suggesting this structure may not be necessary fofCEll activation, at

least in some cases.
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Figure 5 Signalling networks downstream of the TCR TCR ITAMs arephosphorylated
predominantly by Lck, which is often anchored to a coreceptor. Phosphorylated ITAMs rect
ZAP70 which is responsible for phosphorylating numerous downstream targets including LAT. T
scaffolding protein amplifes the signal to various pdtways including the MAP kinase cascade, P
I{B, and NFAT pathways. Signalling through the membrane lipid Rl€auses calcium flux which ca
be easily measured as a proxy for TCR signallirigigure taken from ref3s?

1.9 T-CellTopography

The morphology of T ells, like many other cell types, is not a simple sphere but is instead
covered in membrane protrusions called microvilli These actirrich structures are 70-500
nm in diameter, between 100 to several hundred nm in leng#194223 and are highly
dynamic, cumulatively sweeping acrossthe entire T-cell surface in approximately 1
minute223. Microvilli are supported by filaments of F actif4oand there is evidence that the
TCR is both directly and indirectly linked to the actin cytoskeleton, especiallypon
signalling and recruitment of various scaffold proteins such as SLP76 and N&k42. Studies
have shown that TCR microclusters do not form when actin nucleation is inhibitét, but

established TCR microclusters seem to be resistant to theame treatmenf72.223,
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Furthermore, treating T cells with actin inhibitors such agCytochalasin Dabrogates calcium
flux in T cell APC conjugatez? suggesting a tight link between sustained TCR signalling and

cytoskeletal function.

Since access to pME on other cells is hindered by glycocalyx proteins, and membrane
protrusions in T cells have been implicated in the penetration of the glycocal$, it is
reasonable to assume that these structures likely have an important role in TCR signal
initiation and antigen discrimination. Indeed, several studies, including supeesolution
techniques, have suggested enrichment of molecules such as TCR, CD2 and CD4 at
microvillar tips 103194, |[n contrast, other proteins such as LFA may be concentrated on the

cell body45. These data imply a deliberately constructed local environment for signal
initiation on microvilli. Additionally, one study proposes the exclusion of the negative signal
mediator, CD45, from microvillar tipg46. This finding however is députed by numerous

studies103,195,223,

While membrane protrusionsmade byCTLswith target cells were observed using electron
microscopy as early as the 19708440, en imaging-based study in 201723 provided the first
live images of T cell microvilli forming contacts with an APC. The number and speed of
microvillar protrusions did not change during synapse development, nor between the side
of the T cell forming a synapse with an APC and the opposite uncontacted side. The authors
used quantum dotdecorated SLBs, which indicate areas of close contact formation between
the cell and SLB surface by the exclusion of the quantum dots, to show that F@Ritive
microvillar contacts are stabilised compared to TCRegative contacts. Interestingly
however, microvllar contacts were shown to be unaffected by abolishing TCR signalling and
disrupting the cytoskeleton, suggesting aconstitutive (certainly TCR signalling
independent) ligand-searching and synapsdorming process by T cells. As this is the first

published study looking directly at microvilli in live early T-cell contacts, there remains
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substantial room for further investigation into the role and regulation d microvilli in this

process.

Despite different overall cell sizes, several other immune cell types have the same diameter
of microvilli 240, as do naive and effector T cel, suggesting a deliberate and necessary size
restriction imposed on these stuctures. In agreement with this, a recent modelling study
demonstrated that T-cell contacts of ~200 nm radius provide optimal conditions for specific
antigen detectiont%. This size is comparable to that measured for T cell microvilli. The
model predicts that contacts much smaller than this crucial size essentially abolish TCR
signalling by not allowing the TCR to be in a phosphataskepleted area for long enough to
propagate downstream signalling pathways, whereas larger contactgsult in non-specific
TCR triggering by the converse mechanism. Based on a dwell time congeftat is, the
length of time a TCR has to stay in a close contact to become triggereaf 2 seconds, the
model predicts ligand-independent triggering of the TCR would occur with ~80%
probability if the close contact radius was 0.41m (just twice the typical radius observed for
microvilli). In contrast, for 0.2 um-radius close contacts the probability was 0. Indeed, recent
work in the Davis group showed that an increase in liganthdependent triggering of ~4-
fold when the median area of Jcell close contacts was increased by ~fold by
overexpressing the small adhesion molecule CD2. Furthermore, cells with increased CD2
expression, and therefore larger contacts, demonstrated comparablevels of calcium flux
on agonist vs null pMHGpresenting SLBs whereas T cells with wildtype CD2 expression
showed a ~4fold increase in calcium flux on agonispresenting SLBs compared to null
presenting SLBs (thesis of Edward Jenkins, Davis group), théwee demonstrating the
dependence of antigen discrimination on close contact size. This theoretical and
experimental evidence providesa strong argument that the size of these initial contacts is
essential in maintaining both TCR specificity and sensitiwt Therefore, their regulation by

the cell is an important area for investigation.

[58]



Caitlin O'Brien-Ball Trinity Term 2022

It is clear that TCR signalling directly influences -Eell morphology, and morphology f.e.,
microvilli) may regulate TCR signalling, especially at the earliest close contabetween a T
cell and an APC or target cell. Given these new insights, proposed mechanisms for TCR

triggering and activation can no longer be considered without this additional three

T cell Surface Microvilli Tracks

2 Track Speed 74

T cells with APCs
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Figure 6 T cells are covered in microvilli which ma ke initial contact with APCs or target cells
(A) Light sheet microscopy image of a primary murine T cell with the movement of each individt
microvillus labelled on the right. (B) Scanning electron micrograph image of a human effector T «
(scale bar 1um) showing the surface covered in microvilli (C) Schematic representation ofa T ¢
interacting with an APC (upper) and an SLB presenting agonist pMHC and IGAMlower). Initial
interactions are mediated by small microvillar protrusions, followed by cell spreading, and retractio
Figures alapted from refs194.223.434

dimensional context, where opposing cell membranes interact in space @time. The effect
of TCR density and signalling on early-Tell contact formation will be addressed in Chapter

4,
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1.10B Lymphocyte Overview

1.10.1 Development

B cells were first identified as the antibodyproducing cells in the chickerbursa of Fabricus,

an organ equivalent to mammalian bone marro@#?. Most B cells begin their development

in the bone marrow from the haematopoietic stem cell compartment, where they divide
asymmetrically producing B cell progenitor$3. Progenitors trarsition into Early Pro-B cells

where) ¢y AT A ) Cr OECT Al lakdiDQ joiAitgAdedrsin the Gekvy An@im OA OOA A
genes, then Late Prd8 cells which undergo VDJ joining. Like T cells, this process is

mediated by the enzymes RAG and RAG2248 and heavy chains are allelically excluded®.

During the next stage of development, Large P+ cells express a praBCR comprising Ig

and Ig, as well as the BCR heayychain with aninvariant surrogate light chain. After rapid

proliferation, cells transition to the Small PreB cell stage whereV-J joining occurs in the

light chain genes of one chromosome \AJ joining occurs first onthef 1 ECEO AEAEIT A
continues through several cyclesf the initial rearrangement is not productive (known as
light chain rescue). If nof chains are successfully rearranged, the process is started on the
1 light chain. If this also fails, the cell undergoes apopto$ks.251, If successful, the light chain
is expressed on the surface with thg heavy chain forming a unjue BCR on the now
immature B cell. As with T cells, addition of Nand Rnucleotides in the junction between
the V and J segment creates additional diversity in CDR3, part of the liganidding portion

of the immunoglobulin3s. These cells travel to thepleen where they become transitional B
cells, then subsequently express surface IgD and differentiate inkong-lived mature FOor

MZ B cells residing in different areas of the splee##.23.252,

[60]



Caitlin O'Brien-Ball Trinity Term 2022

1.10.2 Subtypes and Their Function

The total B cell population 8 comprised of several subsets. Most B cell subsets share a
developmental pathway and are described as B2 cells, while B1 cells make up the small but

potentially significant remainder.

FO B cells are a mature but naive population circulating through B tdbllicles in SLOs,
scanning for antigeri2. CD4+Tfh celsDb OT OEAA OEA OEAI b8 T AAAAA
the form of costimulation through CD40/CD40-L and cytokines such as H216465 Upon
activation, some FO B cells undergo clonal expansi and form a GC within the B cell
follicle253, and some differentiate into plasmablastayhich generate large quantities ofow-
affinity antibodies. Subsequent processes in the GC produeehigher affinity BCR and
therefore, antibody. In the dark zone of the GC, B cells proliferate and undergomatic
hypermutation. During this process, thecells modify their genomic DNA using an enzyme
called activation-induced cytidine deaminase(AID), which preferentially targets the gene
sequences transcribing the antigerbinding portions of the BCR54. GC B cells with a mutated
BCR proceed to the light zone where they compete for an evelrinking pool of antigen and
undergo class switch recombinatior?s4.2%, In this process, mediated by cytokines from T
cells, regions of DNA coding for the¢ | @nstant regions are excised from the genome
therefore cells no longer express the IgD or IgM isotypes. The remaining DNA is joined back
together, creating a newheavy chain gene of a different isotype (IgA, IgE or IgG) depending
on the specific function required. Often cells must go through multiple rounds of

proliferation to finish this process?54.255,

Cells with the highest affinity BCRantigen interactions fom the initial cycle either
differentiate into plasma cells, or reenter the dark zone for further affinity maturation,
while cells with disadvantageous mutations die by negle#®. Affinity maturation takes
many days, and results in a substantial incese in antibody affinity for the antiger57.258,

Plasma cells created by this process are lofityed, secreting antibodies for many days or
[61]
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weeks before travelling to the bone marrows. Some GC B cells become memory B cells,
which remain circulating in the body in a resting state until they are reactivated through the

BCRe#0,

MZ B cells largely remain in the spleen where they detect blodabrne antigeng¢l. MZ B
cells are quick to respond to infection as they do not require T cell hels. After
encountering cognate antigen, they rapidly proliferate and differentiate into shortived

plasmablast$62.263,

B1 cells make up a small proportion of the total B cell population and may have separate
developmental origins. B1 cells have usually tatively unmutated BCRs and they produce
most of the low affinity circulating IgM, IgA and natural antibodies, which can be

autoreactive2s.

The most recently discovered functional subset of B cells are thegulatory B cells which,
like Tregs, are capale of supressing the immune responsé4265, However, & present, it is
uncertain whether they constitute a discrete subtype, as opposed to an induced

phenotype26s,

1.10.3 Antigen Presentation to B cells

B cells are much more versatile in their ability to reagnise antigen than T cells. They can
recognise the antigen in its native form, without additional processing or presentation by
specific molecules on other cells. Additionally, B cells of all types can respond to roeptide

antigens267.268,

B cells @n bind antigen in solution, for example small molecules which are carried into
lymph nodes or in the spleen, although this is not the most common method by which
antigen recognition occurs. Antigens coated in complement can be captured by complement
receptors on follicular dendritic cells, which can also directly bind immune complexes

(several antigen and antibody proteins bound together) through Fc receptors. Macrophages
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can also present antigen to B cells through receptors binding complement, Fc portioas
antibodies, or carbohydrates. Finally, a population of dendritic cells in thesplenic

paracortex has also been identified that can present native antigen to B ceé4fscs,

1.10.4 BCR Structure and Function

The BCR is a multifunctional surface protein vilhi some structural and functional

similarities to the TCR. It is essentially a membranbound antibody (also known as
immunoglobulin), with only small differences between the signalling and soluble form of

the receptor created in the C terminal portion byalternative gene splicing®. Hundreds of

thousands of BCRs are expressed on the surface of a mature B?&ellThe BCR heavy and

light chains have no capacity to induce signalling on their own, as they lack ITAM domains.

These are instead provided bythe Igi-lgfy EAOAOT AEI AO ¢€D¥9abdand ET 1 x1
CD79h271.272, These chains together make up the BCR complex, the functional unit of B cell

signalling.

The overall immunoglobulin architecture consists of two heavy and two light chains, named
for their relative sizes (50 and25 kDa respectively). Disulfide bridges hold the two heavy
chains together and attach one light chain to each heavy chain. The lightin is comprised

of one variable and one constant domain and has two classe&appa ([) and lambda )z
which are mutually exclusive in their expression. In humans and mice, kappa chains are
more common, but the kappa/lambda ratio is variable between sgries for currently
unknown reasons.The heavy chain consists of one variable domain and several constant
domains depending on the isotype. In both the heavy and light chains, domains are made up

of two [ -sheets held together by a disulfide borz§®.273,

Protease cleavage studies demonstrated two functionally important genents of the
immunoglobulin z fragment of antigen binding (Fab) and fragment crystallisable (Fclhe

antigen-binding portion of the immunoglobulin is comprised of the variable regions othe
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heavy and light chains (giving each BCR/antibody two binding sites), and the Fc portion is

made up of the @erminal halves of the two heavy chaing?s.

The IgD and IgM BCR isotypes are expressed before SHM and class switching to either IgE,
IgA or IgG. Each isotype has a slightly different functional role and therefore structu#®.
IgD, expressed on naive B cells, is secreted only in small amounts and is rarely found on the
surface of a classwitched B celts5, however its preservation through most jawed
vertebrates?74 suggests functional importance. Secreted IgM makes up most of the natural
antibodies and firstwave immune response as class switching is not required for
expressioress, At 900 kDa, it is the largest antibody isotype, as it expressed as a heavily
glycosylated pentameric complex. IgA is secreted as a dimer with the main function of
protecting mucous membranes. There are two subgroups of IgA termed IgA1 and IgA2. IgG
antibodies belong to one of 4 sulgroups z IgG1, 19G2a, I§2b and IgG¥ which each have
differing functions and structures. IgG is the most abundant antibody type in the body and
forms much of the secondary humoral response to antigen. Finally, IgE is utilised in the anti

parasite response, but also plays a rol@ hypersensitivity and allergy?7s.

1.10.5 B CellTriggering Apparatus

Many aspects, both structural and functional, are shared between BCR and TCR triggering.
BCR triggering, where ITAM motifs on lg and Ig are phosphorylated, results in
recruitment of proximal kinases. Shortly after this, a multimolecular complex forms with

other intracellular proteins and signalling is initiated.

In B cells, the primary kinase responsible for phosphorylating the BCR ITAMS Lynt15,
functionally equivalent to Lck in T cells Lyn is a Srdamily kinase which is localised to the
cell membrane via aylation of the SH4 domai@’. It contains an SH3 and SH2 domain
connected to the kinase domain by a hinge region, and a @ntnal tail. The kinase domain

contains a critical tyrosine residue in the activation loop at position 39%2.276, which must
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be phosphorylated for activation. An opposing tyrosine in the C terminal tail 5907, renders
the protein inactive through inducing an auteinhibitory conformation 277. PTPs such as
CD45 dephosphorylate both of these sité® and Csk preferentially phosphorylates the
inhibitory tyrosine (Y507) 148, Phosphorylation of the BCR complex ITAMs by Lyn recruits
other Lyn molecules viatheir SH2 domains and numerous other signalling molecules, for

examplespleen tyrosine kinase (Sykj.

Syk, a homologue of ZARO, binds phosphorylated ITAMs through its two SH2 domains. It
also contains an SH3 domain and-términal catalytic domaint5. After recruitment to the
ITAMs, Syk is fully activated via phosphorylation by Lyn and by other Syk molecules in
transtts, Through its SH3 domain, Syk acts as a molecular scaffold and propagates
downstream signallingt'5.280 as well as phosphorylatingnearby ITAMs to amplify the initial

signal.

Like T cells, B cells express the phosphatase CD45 on their surface, but specifically its largest
isoform, CD45RAB@S¢, which maintains low levels of basal BCR signalling through
dephosphorylating BCR ITAMs. Deletion of CD45 in B cells does not cause severe functional
problems but does lead to a developmental block at the transitional stage, leading to an
accumulation of immature cell$32.136.281 suggesting its role in B cellsinot as essential as in

T cells Alack of CD45perturbs Lyn regulation by disturbing the balance of maintaining
phosphorylation sites with Csk. However, the phenotype of Lyn deficient mice is not the

same as CDA44&leficient mice, suggesting its role herés not cruciak78.282,283,

Another important PTP expressed by B cells is CD148 which is a singlass transmembrane
protein with an ECD comprised oB-9 fibronectin domains?#4 and an ICD with asingle PTP
domain285. While CD148 is expressed in T call and has an overall negative regulatory effect
on TCR signallinggé.287, its function appears much more crucial in B cells. Tot&hockouts
in mice cause embryonic lethaliy?s8, however models where surface CD148 function was

abolished were similar b CD45deficient mice, implying redundancy in the function of these
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two phosphatases$s®. CD45/CD148 doubledeficient mice show a severe block in B cell
development as well as insufficiency in several signalling pathways. Additionally, this
phenotype included hyperphosphorylation of Lyn at position Y507, indicating both

phosphatases have a positive regulatory role in Lyn signallifgp.
1.11Models of Triggering

Several mechanisms to explain BCR triggering have been postulated. Like the TCR, they
either involve receptor aggregation, rearrangement, or conformational change, which hints

at potentially similar triggering mechanisms between these lymphocyte receptors.

1.11.1 Receptor Aggregation

The crosslinking model of triggeringwas initially conceivedin the 1960s ard has remained
widely accepted ever sincg®. The model postulates that monomeric BCRs induce signalling

when receptors are brought together in the membrane, for example by polyvalent antigen.

In favour of this model, experiments have shown that Bell signalling can be initiated by
AO01 1 AT OE Rfrafrikents ddlg@, whicA i@ 2 binding sites, but not by monovalent
Fab fragment$9, similarly to monomeric and multimeric pMHCs interacting with T cellg4.
Imaging studies haveindicated the BCR as a resting monomer which forms microclusters
after engaging cognate antiget§2293, Additionally, this theory matches well with structural
studies illustrating the flexibility of the immunoglobulin hinge region??4, as conformational

change is not necessarily required.

Whilst the capability of polyvalent over monovalent antigens to induce triggering in

solution has been demonstrated, the applicability of this model to all antigens is uncertain.
Unlike most T cell antigens which are pcessed and presented by MHC, B cell antigens are
heterogenous, making it unlikely that they would all bind several BCRs in a similar

mannerz67.268, Furthermore, the majority of antigen encountered by B cellm vivo is not
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soluble2t, and it has been Isown that monovalent antigen triggers robustly on a
surface?95.29, Since the crosslinking model cannot explain triggering by monovalent antigen
in any capacity, nor does it directly explain why crosslinking leads to receptor triggering,

this suggests aralternative or complementary triggering mechanism.

1.11.2 Conformation-Induced Oligomerisation

Like receptor crosslinking, this model suggests that the resting BCR is monomeriBinding

of antigen causes a conformational change in the receptor, which is trangdt to the
otherwise sequestered €4 domain (in the constant region of the BCR heavy chains) and
WTxxST motif in the transmembrane regionpromoting receptor clustering. This clustering
in turn drives signalling through making ITAMs available for intracelllar protein

binding29.

Evidence for this model comes largely from imaging studies and mutational analysis. In one

study, Fablabelled BCRs in live cells had diffusion profiles consistent with a monomeric

protein, which then formed clusters upon bindingmonovalent or polyvalent antiger?o. A

FRETbased study attached donor and acceptor fluorescent proteins to the cytoplasmic

region of) Cmolecules and tested FRET efficiency under different conditions. Resting cells

showed no FRET signal, but upon bindg surfacebound antigen the FRET signal peaked,

followed by a drop which remained above background. These results were interpreted as

monomeric BCRs clustering upon antigen engagement and a subsequent conformational

change in the intracellular domains topromote signalling by making ITAMs available for

binding2sg |  AOOOEAO OOOAU &I 61T A OEAO AAIT AGEIT 1T ¢
ITECI T AOEOGAOGEITT AT A OECTIAlIlTETch AOO OEA AgpPOAO
clustering and B cell activatiod®. This implies that OE A  dbmain is essential for

clustering and signalling, and that this activity is prevented by the conformation of the

resting BCR complex.
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As with conformational changebased models of TCR triggering, this idea is not robustly
backed by experimental evidenceAlthough this model could explain how antigens of
varying size, valency, and presentation can initiate triggering, it is still unclear how a
conformational change would be translated from the antigen binding portions of the ®R
into the # { and intracellular domain, which would be especially challenging through the

flexible hinge region as determined by crystal structures of antibodm24.

1.11.3 Dissociation-Activation

The dissociatiorractivation modelis very different from proposed models of TCR triggering
as ittheorisesthat resting BCRs exist in an autoinhibitory oligomerised state, where ITAMs
are sequestered by the packing together of the BCR complex intracellular domains. In this
model, antigenbinding transforms the restrictive oligomer into a more dissociated island,
freeing the ITAMs for binding by kinases and signalling proteird8’. Evidence for this model
initially came from biochemical techniques indicating the presence of BCRs in oligoreén
resting cell$71. More recently,a bi-fluorescence complementationassayin a reconstituted
DrosophilaS2 cell system demonstrated the existence of BCR oligomers in a resting state.
Furthermore, mutation of the BCR to force monomeric expression letb constitutive
receptor internalisation29, suggesting that BCR oligomers are autoinhibitory. However,
these findings have not been confirmed in B cells. Modern supegsolution imaging
experiments have provided evidence for both monomeric and oligomar BCRs on resting
cells (with the majority of BCRs determined to be monomeri€}°29, although these
methods can be prone to overcounting error¥®0:301, This matches well with data on the TCR

which largely supports a (mainly) monomeric receptor distibutio n179.190,302,303

Dissociatiorntactivation could explain how antigens with a range of sizes could trigger the
BCR, since the requirement is only to spread out the oligomer island rather than bring the
receptors into a certain specific proximity, butit does not explain how monovalent antigen

can trigger the BCR at a surfaé®. Moreover, support for this model largely comes from
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biochemical assays which are known to create clustering artefacts and are far removed from
a physiological OAOOET ¢8 ! AAEOQOEIT T Al 1 Uh AAI 1O EIi ACAA
resting states04, and analysis of stoichiometry by superesolution methods can be prone to

error 300,301,

1.11.4 Kinetic Segregation

More recently, the role of K&ased signallinghas been considered in B cellf\s previously
described (section 1.6.4), this model relies on the balance between inhibitory large
phosphatases and activating smalkinases, which is perturbed upon receptor binding a
membrane-bound ligandat a close contactAlthough this mechanism has been extensively
studied in T cells, studies in B cells are in earlier stages key difference between B and T
cells in terms of theKS model is that the BCR is substantially different in height from the
TCR,its size varies with isotype and it can bind differently sized ligands as they are not
restricted by MHC presentation. Additionally, the BCR is bivalent and binds ligands with
much higher affinity than those observed withTCR/pMHG05. Rather than being dependent
on CD45 for most of the phosphatase activity in the cell as T cells #eB cells express two
large phosphatases, CD45 and CD148. Interestingly however, CD148 haseafisions even
larger than CDA45 (estimated at approximately 50nn#p7, and B cells also express the largest
isoform of CD4508, which suggests a possible requirement for a larger phosphatase.
Moreover, cells deficient in both large phosphatases show impaid signalling and CD45

was found to be excluded from signalling BCR microclusters in imaging experimepi&s

1.11.5 Collision-Coupling/Dissociation

The collision-coupling model focusses on the role of the actin cytoskeleton in BCR signalling
and is quite different to any TCR triggering models. In this model, resting BCRs exist in
nanoclusters which are confined by the cytoskeleton to areas rich in inhibitory coreceptors,

and distant from activating coreceptors and kinases. Alterations to the cytoskeleton perni

[69]
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BCRs to be released from association with negative coreceptors and/or to interact with

molecules promoting signalling10.311,

This model was derived from singlemolecule imagingbased data. Singlparticle TIRF
imaging showed BCRs restricted irareas of the actin cytoskeleton at rest and when the
cytoskeleton was disrupted, their diffusion and signalling increased©311, A dSTORIbased
study additionally showed that small clusters of BCRs on resting cells clustered further, and
with the BCR coeceptor CD19, upon antigen stimulatiof’©. In keeping with this idea,
disruption of the actin cytoskeleton has been shown to induce BCR signalling on B cell
lines?70 and primary B cells in line with increased BCR diffusicil. While some studies
observe similar clustering behaviour with the TCR¢, receptor diffusion is generally
accepted to become slower during/after triggering, and indeed slowing the TCR correlates

with increased triggering'os.

While supported by several experimental methods his model does not specify how antigen
binding is able to stimulate such a rapid cytoskeletal change, and to what extent the BCR is
linked to the actin cytoskeleton. Modern imaging technigue such as dSTORM are powerful,
however, artefacts in data analysi§0.301 and selection of nonstimulating surfaces4 have

called the validity of this type of data into question.

1.11.6 Lipid Rafts

Lipid rafts have been implicated in BCR as well as TCR signalling. Biochemical and
microscopy-based studies have observed a pference of crosslinked or antigerbound

BCRs for membrane areas enriched sphingolipids and cholesterol which contain Lyn but

exclude CD45, therefore facilitating phosphorylation of Iy AT A , UT AT A ET EOEA

signalling312313, However, as with Tcells, whether protein reorganisation (and therefore
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signalling) is caused by lipid reorganisation or vice versa remains unanswered, and no

recent studies have confirmed theséndings.

Alteration of the actin cytoskeleton

I

I
Qligomeric BCR Dissociation activation model

Figure 7 Models of BCR triggering (A) Conformation-induced oligomerisation model. Restin
monomeric BCRs bind cognate antigen and translate a conformational change in the constant
transmembrane domains to the intracellular domains of the BCR, permitting receptor clustering a
ITAM phosphaylation. (B) Dissociation-activation model. BCRs exist in an autoinhibitory oligomer
conformation at rest. Binding of cognate antigen releases the BCRs from this state, allowing ITAN
become accessible to kinases. (C) Collisimoupling/dissociation model. At rest, BCRs exist largely
nanoclusters restricted by the actin cytoskeleton. They are confined to areas in proximity wi
inhibitory coreceptors and distant from activating coreceptors. Disruption of the cytoskeleton permit
BCRs to interact wih activating coreceptors and induce signallingAdapted from ref310

1.12 Downstream Signalling and Activatiorof B Cells

Signalling pathways activated downstream of the BCR also have similarities with the TCR.
After its full activation, Syk phosphorylates downstream signalling proteins and
neighbouring ITAMs recruiting more Syk molecules and scaffold proteins such & cell
linker protein (BLNK), thus propagating and amplifying signalling from the BCR528in a
similar manner to how LAT functions for T cellsKey signalling pathways activatednclude
the mitogen-activated protein kinase (MAPK) cascadghosphoinositide-3-kinase (PI3K),
NFAT and RA®athways?80. Together, these pathways result in a change in B cell behaviour
including cytoskeletal reorganisation, BCR internalisation, and antigen presentation to T

cells305,314,

[71]



Caitlin O'Brien-Ball Trinity Term 2022

Activation of PLC 2 by Syk results in cleavage of the plasma membrane lipRIP, into PIP;
and DAG, which are involved in intracellular calcium release and PK&xctivation,
respectively31s. Calcium release stimulateNFAT nuclear translocatiorsié, while PKC and
intracellular calciumrelease leadstoNFf " D A OE x A B15 g5 h O éelis BdvBstrdam

of DAG, the MAPK cascade results in activation 60N NH2terminal kinase (JNK), and
extracellular-related kinase (ERK)which mediate cell survival and proliferation through
AP-1315, Through binding to the phosphorylated coreceptor CD®%’, Phosphoinositide-3-
Kinases (PI3K)can activate AKT, localising it to the membrane. AKT in turn activates mTOR

which is involved in cell division and surviva$is,

During signalling, the BCR also formsnicroclusters which move into the cSMACwhile
adhesion proteins move to the peripheryforming an immune synapseanalogous to that in
T cell®92, Interestingly, some studies suggest that BCR isotypes differentially activate
downstream pathwaysz for example, the IgG cytoplasmic tail has been shown to resist
CD22mediated quenching of ERKactivity in comparison to IgM and IgD isotype%®

although this is disputed by other studie&.

In contrast to T cells,B cells can be activatedvia two mechanisms T celtdependent
activation requires a T cell to recognise a peptide presented by MH@ the B cell surface,
which is derived from antigen bound to theB cell receptor(BCR). Upon recognition of the
peptide/ MHC complex(pMHC), the T cell releases cytokines to induce B cell proliferation,
while co-stimulation is provided by ligation of CD40and CD4O0L. In turn, signals received
through the TCR induces T cell clonal expansiéf. T cell help is also required for BCR class
switching, a process where the BCR and antibodies expressed by a B cell changes from one
isotype to another, thus changig its functional capabilitiegs532L. T cellindependent
activation can occur through binding of mitogenic antigens ttoll -like receptors (TLRs) on

the B cell, or through polyvalent antigens crosslinking the BGR. Therefore, B cells do not

require two or more signals to become activated as T cells do.
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1.13Comparison of Triggering Models Acros$ and B Lymphocytes

As previously described, both the structure and proposed triggering mechanisms for the B
and T cell receptors have striking similarities desp# the functions of their respective cells
being very different. This suggests a potential for conserved signalling mechanisms between

these cell types, and potentially also other immune receptors.

The main structural similarity between the BCR and TCR ibeir (non-covalent) association

with signalling chains that contain the ITAMs required for signal initiation. The main chains

of the BCR (light and heavy) and TCR (@nd 1) both lack a substantial cytoplasmic tail

therefore additional chains required for sgnalling are provided by Ig and Ig or the CD3

complex respectivelyp4273, Furthermore, each are initially phosphorylated by small
membrane-bound Src family kinases (Lck and Lyr}s138 and negatively regulated by

phosphatases with large extracellular domains (CD148 and/or CD45%.284, However, the

BCR and TCR bind antigens in a very different affinity ran¢g@ and also of different valeng,

as the BCR comprises two binding sitestcob AOAA O OEA Theseddf@ence& 1 C1 A OE

are substantial and imply a need for different triggering requirements.

Both the TCR and BCR trigger when aggregated by oligomeric ligands or generic ligands
such as antibodie&%:323, although exactlywhy this occurs is not yet known. Ligand binding
could produce a conformational change in the receptors, which could induce triggering
directly or by receptor aggregation, but this is tricky to reconcile with the fact that
monomeric ligand does not triggereither receptor in solution323, To date no study has been
able to demonstrate how a conformational change in the extracellular domains of the BCR

or TCR could translate to intracellular ITAM phosphorylation.

The BCR is thought by some to exist in smallusters in a resting staté70.271, Because of this,
it was proposed that these oligomers on the BCR surface are autoinhibitory and change

when bound by ligand to induce signalling?. While this is an attractive model, other studies
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have determined the BCR to be mainly monomeric at the surfag®324. It is likely that the
same distribution is true for the TCR79.190,303 glthough some studies point to nanoclusters
of the receptor on resting cell$°2.193 which could explain the high sensitivityof T cells to
antigent®s, If the BCR and TCRere to bedifferently distributed on the cell surface it is likely

that their triggering mechanisms would be different.

Kinetic segregation is a model which could apply to either receptor and has already been
studied extensively in T cek!12135185186,189.32%327. The phosphatase CD45 (and CD148 in

unpublished data from the Davis group) has been shown to be excluded from clusters of
BCR and TCRt218312328 gnd the fact that both celtypes respond b monomeric antigen at

a surfaces9.2% could be easily explained by this model. The BCR likely protrudes further

from the cell membrane than the TCR, but interestingly B cells tend to express the largest
isoform of CD45 and additionally express CD148 vith is likely even larger than CD4%54.

This suggests adaptation to retain kinetic segregation across cell types.

Given the similarities in signalling behaviour between these receptors despite their
structural and functional differences, it is possiblethat they could share a triggering
mechanism(s), which presents an exciting area for further study. This question will be

incorporated into the experiments in Chapter6.

1.14 Surfaces for Imaging T Cells

Studies described in this thesis have used a variety of different surfaces to studycéll
behaviour, each with its own advantages and disadvantages. Several options are available
for in vitro studies which are necessaryd observe molecularscale events in live cells, rather
than using static fixed tissue samples or intravital imaging where this resolution is not yet
possible. Studies of this nature generally involve APCs (for example B cells), or glass
surfaces coated wih proteins and/or phospholipids to provide a reductionist two-

dimensional model of an APC. Other models include freestanding threemensional
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spheres made from simple lipids and proteinsi(e., large or giant unilamellar vesicles;
LUVs/GUVs), spheres of plasma membrane derived from cells (giant plasma membrane

vesicles; GPMVSs), or glass beads coated with proteins and/or phospholipids.

1.14.1 Coated Glass Surfaces

T-cells can easily be imaged interactig with coated glass slides using various microscopy
methods (discussed in sectiori.14). Glass surfaces are cheap, durable and withstand harsh
chemicals used for cleaning, and do not contribute significantly to background noise during
imaging. However, it has been shown that T cells casignal non-specifically when
interacting with bare glass4 therefore if ligand-specific signalling is required the glass
OOOEAAA OEIT OI A AA OAI T AEAA8 xEOE Al ETAOO
adhesion andsignalling.

Glass slides can be coated with a variety of molecules from proteins to lipids to present T
cells with different surfaces for interaction. e commonly used molecule is the cationic
polymer poly-L-lysine (PLL) which can be sourced in preparations of different molecular
weights and simply adsorbs to the glass surface. While PLL has been widely used as an inert
surface to study Fcell behaviour,recent evidence suggests that nespecific interactions
with T-cell surface proteins can cause cell adhesion, molecular redistribution and robust
signalling304. A more suitable alternative for an inert surface could be fibronectin, a large
glycosylated glycocalyx protein which appears to have no effect on T cells unless in

combination with an anti-TCR stimulus §2%and previous work from Davis group).

The simplest two-dimensional surface for imaging liganespecific interactions of T cells is
with prot eins adsorbed onto glass. Purified proteins can be produced as needed and will
bind the glass surface without the need for specific tags or linkers. One or more proteins can
be adsorbed on the surface simultaneously so the effects of multiple protein ingetions
can be studied. This reductionist system is relatively quick to prepare and can recapitulate
many key behaviours of T cells observed in more complex systems such as microcluster
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formation and cell migration33033L, |[ts major disadvantage in termsof its physiological
relevance is the lack of lateral protein mobility on the surface since there is no fluid
component. This prevents behaviours such as centripetal microcluster movement and
immune synapse formatior#14332, however deliberately prevening movement of Fcell
proteins bound to the glass surface may be useful to simplify analysis, for example, of

protein recruitment to the TCR.

1.14.2 GlassSupported Lipid Bilayers

Phospholipids can be used to further functionalise glass surfaces by creatinguid bilayer
surface which can be decorated with proteins. Since the introduction of this technique in
the 1980s333, it has become perhaps the most widely used model APC surface Htell

imaging.

SLBs are typically made up of the phospholipidl-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) with small amounts of modified lipids such a$%,2-dioleoyl-sn-
glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succiny] (DGSNi-NTA)
which provide a method for binding proteins to the bilayer surfae. Other conjugation
methods such as streptavidirbiotin and GPI anchors can also be used for this purpcse
Generally, proteins purified for SLB production are truncated at the transmembrane portion
which helps maintain their mobility in the SLB32. Virtually any protein of interest can be
incorporated onto SLBs if it can be produced as a truncated version with an appropriate tag.
Lipids can be deposited onto clean glass surfaces by vesicle fusion, which occurs
spontaneously over tens of minutes, ospin coating which is much faster. Icells do not
seem to interact with SLBs (see sectiof.3.2) as long as they do not contain nickethelating
lipids such as DG®li-. 4! 8 O%@bi OAA8 1T EAEAT EI1TO0 11 3,"0 EA
signalling and adhesion (section8.2 and 334). Therefore, as with uncoated glass, measures
should be taken to block these sites with an inert substance such as casein or a-bamding

tagged protein (see sectior8.2 and 332),
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The main advantage of this system is that it recapitulates lateral diffusion of cell surface
proteins well (due to sitting on top of a very thin (~10 A) layer of water above the glass
surfaces3s) and precise control of diffusion can be achieved by incorporating other lipids
such asl,2-dipalmitoyl -sn-glycero-3-phosphocholine (DPPCWwhich decreases membrane
fluidity 336. Furthermore, multiple proteins can be boundto SLBs simultaneously to
investigate cooperative or antagonistic effects, and protein densities can be measured easily
and quickly using fluorescent microscopy methods. Its major disadvantage is in the rigidity
of the underlying glass substrate, which igstimated to have a stiffness 18108 times that

of APG337, T cells have previously been shown to activate more robustly and migrate faster
on stiffer surface$38 which suggests that behaviours observed on glass SLBs may be
exaggerated compared to phsiological settings. Furthermore, the surface available for
interaction with T cells is relatively large compared tdn vivosettings where celltopography

of the APC or target cell may modulate protelprotein interactions on the cell surfacé40.339,

However, many similarities have been observed between-gell responses to SLBs and
APCs, including clustering and exclusion of surface and intracellular proteiig6.211.215
indicating that their use as a model APC is valid. Recently, a method wies/eloped for
forming SLBs on surfaces coated first with the polymerglydimethylsiloxane, which can be
made with variable stiffnesse840. This addition to SLBs could be used in future studies to

increase their physiological similarity.

Finally, SLBs caralso be created on surfaces other than glass slides which allsvior
different properties to be investigated. By coating glass beads with SLBs for example, the
effect of surface area and curvature on different receptofigand interactions can be
examined as the diameter of the beads can be easily modified. Additionally, St8ated

beads can be used for bulk stimulation of T cel&.
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1.14.2.1 1st Generation Supported Lipid Bilayers

SLBbased experiments corroborated transplantation andn vitro studies with T cels in
demonstrating that pMHC was the ligand for thef CR42z346, While SLBs presenting only
agonist pMHC are sufficient to generate TCR triggering, by only providing T cells with one
molecule to bind, this forces the TCR to act both as an adhesion molecand signalling
receptor. The role of force on TCR triggering, and its relevancén vivo, is
debatecp+112.168,175:347(gnd section1.6.2) but it is certain thatthere are many more molecular
interactions occurring at the T cell APC surface than simply the TCR and its
ligande0.97.100,101,34&351, Therefore, researchers rapidly began incorporating other proteins
into SLBs for T cells to interact with, in the hopef creating a more physiologically relevant

model.

The most popular of these models, used heavily in T cell research for the past few decades,
provides two key elements required for assessing T cell behaviour: signal generation from
an agonist pMHC and duaesion from ICAM1, which binds LFAL on the T cel#52. This type

of SLB was used in a seminal paper by Grakoui and colleagues to demonstrate in detail for
the first time the dynamic nature of the immune synapse structure containing a concentric
circle formation of TCR/pMHC and LFA/ICAM-1 that drives T cell activatior?s. This
complemented previous work carried out in celicell settings?7, indicating that this

reductionist approach is sufficient to induce biologically relevant T cell behaviours.

While SLBs containing other proteins have been used to study different aspects of T cell
behaviour and the role of other adhesiof#® and costimulatory or inhibitory moleculessst,

the combination of agonist pMHC (or more generic TCR ligands such@KT3 or UCHT1)

and ICAM1 presented on an SLB is probably the most widely used 2D APC model system to
study T-cell behaviour.) T OEEO OEAOEOh OGN BOAOEKIUDPA A£®

first SLB system used to study -Eell spreading and activaion.
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1.14.2.2 2nd Generation Supported Lipid Bilayers

Whilst 1st generation SLBs can induce important T cell behaviours, they overlook many
important proteins that are present on an APC surface. Additionally, the role of ICAM
1/ LFA-1 binding in the earliest contacs formed may not be the most relevant adhesiopair,
given the weak nature of its interaction prior to signalling3, and the fact that LFAL may be

situated on the cell body rather than at putative initial contact sites on microvil#s. Thus,

the cond DO g AA AOAOET 16 3,"0 xAO ET OOT AGAAA AT A E

thesis of Edward Jenkins (Davis group). Both are schematically illustrated gure 8.

Simply, 2d generation SLBs incorporate further protein elements to create a more
physiologically accurate2D APC model. These are the small adhesion protein CD58, which
binds CD2 on the T cell and is known to stabilise early close contacts formed betweka T
cell and APE7z99,101.349 gnd the proteins CD43 and CD45, to mimic the glycocalyx present on
APCs which forms a steric barrier to close contacts and decreases cell adhe&ion2nd
generation SLBs therefore provide a system to observe more physiologically relevant early
T-cell contactsin vitro, and permit visualisation of small close contacts by labelling any of
the proteins present which may accumulate at €ell close contacts (CB8103.349) or
especially, be excluded by them (CD43 and CD4%'85), SLB types used in this thesis are

described in sections2.5.2and 8.2).
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Figure 8 Schematic depiction of 1 stand 2nd generation SLBs In this thesis, \esicle fusion was use
to create a lipid bilayer supported on a clean glass cexslip containing 2% NiNTA lipids and 98%
POPC lipids. Proteins containing dual histidine (His) tags were added to these lipid bilayers
provide ligands for interactions with T-cell surface proteins. ¥tgeneration SLBs contain only agoni
pPMHC, ICAML and a null (.e.,non-stimulatory) pMHC to function as a minimal SLB system that
sufficient for inducing T cell activation. 2d generation SLBs also contain the small adhesion prote
CD58 and large glycocalyx proteins CD43 and CD45 and therefore provide a more physiological
for T cells to interact with. 2d generation SLBs are useful for imaging small close contacts mi
between T cells and SLBs.

1.14.3 Free-Standing 3D MembranéModels

As well as stiffness, glasSLBs do not accurately recapitulateopography of an APC or target
cell. One method to improve this aspect of glasSLBs is freestanding membrane surfaces,
which include large and giant unilamellar vesicles (named for their relative sizes) and

GPMVs.

Unilamellar vesicles are spherical lipid bilayers without the support of an underlying
substrate. LUVs typically range from 100 nAi um in diameter, whereas GUVs tend to be
larger than 1 pum and therefore most suitable for standard light microscopss2. Like SLBs,
their protein and lipid composition can be finely tuned, and the diffusion of lipids and
proteins is similar to a celfs4. However, unlike SLBs, the lack of underlyg substrate means
they have the advantages of being able to incorporate felbngth proteins rather than

truncated versions and mimic the stiffness of a real APC or target cell more accurately. A
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further extension to unilamellar vesicles is GPMVs, whichre created by inducing plasma
membrane blebbing of a cell of interests. GPMVs therefore capture the full lipid and
protein complexity of the cell of interest. However, since they are separated from the cell,

GPMVs will only demonstrate passive eventshich do not require energy generation.

These lipid vesicle variants are useful for studying passive, larggeale protein and lipid
events related to T celbehaviour. The main disadvantage of unilamellar vesicles and
GPMVs is that, because of their threéimensional nature, only relatively largescale protein
reorganisation events can be imaged.€.,accumulation or exclusion of proteins) as current

3Dimaging techniques do not have appropriate resolution and/or speed for 3D imaging.

1.14.4 Cells as Substratesof Imaging

Finally, other cells such as B cells or cancer cells can be used directly to studgell
behaviour in vitro. T cells form ceHcell conjugates relatively easilyin vitro and using whole
live cells is the most physiologically relevant system avlable outside of anin vivo setting.
B cell lines are commonly used as model AP@3'5 and cancer cell lines such as P815 are

frequently used as target cells in CTbased studie§o47.

The APCltarget cell can be loaded with various peptides of intese and can be themselves
labelled using probes or genetic markers, meaning that molecular events on both T cell and
target cell can be imaged simultaneous?. Furthermore, the stiffness, protein density, lipid

composition and membranetopography will be suitably complex.

As with other free-standing systems, the main disadvantage of caikll experiments is the
lack of resolution using current microscopy methods, especially with live cells, although this
is improving (light sheet microscopy for example gies high temporal resolution, see section
1.15.4). Furthermore, it is hard (or impossible) to change protein and lipid composition of

whole live cells so subtle effects of a specific protein may be lost in ce#ll systems.
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1.15Techniques for magingLymphocytes

Directly visualising immune cells via microscopy is one of the most powerful tools available
to understand their behaviour. By engineering cells to express fluorescent proteins or
genetically encoded tags which can be labelled with inoagic dyes, proteins of interest can
be observed. Many methods are widely available for use, and these are constantly evolving
as technology enables higher spatial and temporal resolution of live cells. Different
experimental set ups require different micrescopy methods as each has its own strengths

and weaknesses, which will be outlined here.

1.15.1 Epifluorescence

Epifluorescenceis the simplest fluorescence microscopy method. Excitation and emission
light are channelled through the same objective. Dichroic mirrors and filters are used to

separate light into appropriate wavelengtts3ss,

This technigue provides a standard diffraabn-limited lateral (X, y) resolution of 200-300
nm but very poor axial (z) resolution as the entire sample iflluminated, and emission

collected simultaneouslys56.357,

1.15.2 Confocal Microscopy

The optical basis for confocal microscopy was invented in the $8s358 and is used widely
for imaging studies. The main advantage of confocal microscopy is the rejection of -ait
focus light coming from a sample, which is achieved using two pinholes on the illumination
and detection side of the setup. This dugdinhole configuration ensures that only light

emanating from the infocus plane is projected onto the detectdp7?.359,

Building on the original design, filters and mirrors were added to achieve better control of
laser wavelengths and detectors were modernisg to become more sensitive. Noywtwo
main types of confocal microscope existlaser scanning and spinning disk, each with a

different method to scan the illuminating laser over the sample. Laser scanning microscopes

[82]



Caitlin O'Brien-Ball Trinity Term 2022

employ mirrors to direct the single point of illuminating laser beam rapidly across the
sample, building up an image frame. Spinning disk microscopes on the other hand use a disk
containing small holes arranged in a pattern that scans the entire sample at once as it spins,

resulting in faster image acquisition but more potential artefacts due to moving partse.

Confocal microscopes can produce images in up to four dimensions simultaneously (x, y, z
and time). Furthermore, images can be taken through the entire depth of the cell with equal
signal-to-noise, and since only part of the sample is illuminated, phototoxicity is reduced.
This makes it suitable for imaging cellcell contacts in three dimensions. However, confocal
microscopy is diffraction-limited and has a poor axial resolutionX 1 8 ) compared to
lateral resolution (~0.21 1)359. Depending on sample size and other parameters, acquisition

can be slow meaning rapid cellular events may be missed.

1.15.3 Total Internal Reflection Fluorescence Microscopy

Total internal reflection fluorescence(TIRF) microscopy was introduced after the confocal
method. This technique is suitable for imaging samples in an aqueous environment in close
proximity to asolid material with a high refractive index (typically glass). This is achieved
by orientating the illuminating laser to create a high incident angle at the solid surface,
which will, at a critical angle, become reflected from the interface between the solid surface
and aqueous buffer rather than passing through. This generates an evanescent figld. (an
electromagnetic field) of the same frequency which penetrates a thin depth of the sample
(100-200 nm). Prisms or the objective itself can be used to change the incident angle of the
laser and using the objectivebased system one can switch between éorescence and

total internal reflection 357.360,
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TIRF microscopy has manyadvantages and is especially suitable for imaging molecules
either existing at the cell surface or being recruited to it. Indeed, it is frequently used in T
cell and Bcell imaging studies to observe phenomena such gwotein clustering. The
evanescent fidd generates a very high signato-noise ratio by illuminating only a small
depth of the sample closest to the solid surface, which improves the axial resolution and
means that the sample is not exposed to as much light (minimising phototoxicity) and
minimal out-of-focus light is collecteds7.360, However, it also means that TIRF cannot be

used to image different planes within a sample.
a Epi-fluorescence b Confocal o TIRF
“a ;vl Evanescent
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Figure 9 Overview of major fluorescence microscopy methods (A) Epifluorescence. The entir
sample is illuminated, and all emitted light collected. (B) Confocal microscopy. llluminating light
focused onto a single small point at the same focal plane as the emitted light is collected. Light is pa
through a pinhole before reaching the detector. An image is built up either by scanning this pa
rapidly over the sample or by illuminating multiple points simultaneously which change over tim
using a rotating disk. (C) Total internal reflection fluorescence. llluinating light is directed at a critica
angle towards the interface between the sample and the surface it is resting on, creating a
evanescent field which illuminates a few hundred nm into the sampleAdapted fromref 437

1.15.4 Light Sheet Microscopy

Light sheet microscopy has produced some of the most visually appealing images of cells

and workO AU O1T DOEAAITT U OAAQOEITEICE A OAIiBPI A OOEI

excitatory light sweeping across the sample. This technique can be used to image a wide
range of sample sizes in four dimensions (X, y, z, and time) ranging from individual

organelles towhole embryos. A typical set up for a light microscope involves a configuration
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of lenses with the objective illumination lens most proximal to the sample, and
perpendicular to this, the detection objective with filters and a camert. Lattice light sheet
microscopy is a recent advancement to this techniquehich can permit superresolution
imaging (in one plane) by illuminating the sample with a latticepatterned light sheet as

opposed to a solid sheés2.

The temporal resolution of light sheet microscopy is excellent and phototoxicity is
minimised due to the thin nature of the exciting light beam, which also leads to minimal cut
of-focus light being captured. However, the axial resolution is relatively poor compared to
lateral resolution (as with confocal microscopy) and therefore the gap size between sections

should be selected carefullgs?.
1.15.5 SuperResolution Microscopy

Superresolution microscopy describes a set of optical and computational methods which
permit an image resolution lower than the diffraction limit of standard light microscopy
techniques € 8 2 hm)®s:.

Common superOAOT 1 OOETT 1 AGET AO OAI thaf id, theEelé&iiv®dl DET OA
illumination of a small proportion of available fluorophores at any one timen a sample.
Methods which use this principle include potoactivation localization microscopy(PALM)
and stochastic optical reconstruction microscopy (STORM), types of single molecule
localisation microscopy (SMLM). By imaging a sample over time, all the fluorophores will
eventually emit photons, but by only capturing a small number of fluorophores at any one
time they are very unlikely to overlap within a diffraction-limited area363z365, By estimating
the true localisation for any given point spread functioni(e. light emitted by a fluorophore)
as its exact centre, 2D image can be reconstructed with extremely high resolution (as low

as 20 nmps4,
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Other common supefresolution methods involve patterning of excitation light across
samples (structured illumination microscopy; SIM) and changing theffective scanning spot
size to subdiffraction scales by overlapping excitation and depletion laserqstimulated

emission depletion microscopy; STEDB}s.

Superresolution methods have the obvious advantage of increased clarity in images, and
depending on the method used, multiple fluorophores can be imaged simultaneously.
However special fluorophores are often required, along with challenging sample
preparation, and potentially costly equipment. Furthermore, imaging fixed cells can lead to
artefacts as fixation may change the shape and distribution of molecules in the cell. Finally,
reconstruction of super-resolution images is more complex and therefore open to artefacts
which is particularly relevant for studies of molecular distribution, a property studied

frequently with super-resolution methods300.301.363(see also sectior.4.5).
1.15.6 Intravital Microscopy

Imaging immune cells interacting in their native environment is a very attractive prospect,
but the technical challenges presented are likely the greatest ofl @anaging methods. Some
type of intravital imaging has been available since the I8century36s but the pairing of this
technique with genetically encoded fluorescent proteins or tags in cells greatly expanded

its uses. It is now regularly used to image immune cell interactions within living tissue.

A key principle used in this technique is multiphoton imaging. This method creates
illumination of a single plane within relatively thick samples by sending multiple low
energy photons which meet at the desired plane and cause excitation of the fluorophore.
Further expansions to intravital imaging incluce methods to performin vivo cytometry

across a circulatory vessets7and direct imaging of lipid distributions within a tissue3es,

Intravital imaging techniques yield low photobleaching and phototoxicity as well as reduced

autofluorescence. Numeroudluorophores can be imaged simultaneously and over time,
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meaning that several cell types of interest can be monitored as they move, interact, signal
and divide. The main drawback of intravital imaging is the lack of resolution compared to a
more controlled in vitro environment, and the complicated preparation of animal models

involving surgery and araesthesias®s.

1.16 Aims of Thesis

The molecular mechanisms surrounding TCR triggering have been the subject of intense
research for decades, and no single proposedodel is widely accepted. Furthermore, the
regulation and function of TCR microclusters is an exciting area that could help determine
the mechanism by which T cells respond to antigen. Additionally, as the nature of cell
topography, and particularly microvilli, on the T-cell surface become more easily observable
with new techniques, their relationship to T-cell signalling needs now to be explored. Since
receptor triggering is likely to be similar across different immune cells, confirming key
predictions f OOECCAOET ¢ I TAAIT O 11 1T OEAO Eiil O A

OEAT OUS 1T &£ EiTl 01 A OAAADPOTI O OOECCAOETI C8

The overall aims of this thesis are to better understand the initiation and propagation of
TCR signalling by modulating TCRxpression and ZAP70 activity and observing how this
affects functional aspects of the -Eell response, including early contact formation with
model APCs, signalling microcluster formation and calcium signalling. It will also examine
whether, and how, the TCR functions as a monomeric entity, and whether principles

governing TCR triggering may also be true for the BCR.
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2 General Materials and Methods

2.1 Cell Lines and General Cell Culture Methods

Tissue culture was carried out using sterile methods in a leve tissue culture facility. Cell
lines were maintained at 3D #nd 5% CQin an IncuSafe C@Incubator (Panasonic).Cell
density and viability was regularly checked using &Countess |l automatic cell counter
(Thermo Fisher) by mixing cells in complete media in a 1:1 ratio with 0.4% Trypan Blue
(Thermo Fisher). Cell lines were split regularly to maintain density within the
recommended range for each cell line and used for a maximum of 3 months before earlier
passage stocks were thawed. Newly generated cell lines were frozen for stocks at an early
passage. Cell lines were checked for mycoplasma by the Human Immunology Unit facility at

the WIMM.

Suspension cells were sueultured by counting followed by dilution in an appropriate
volume of fresh complete media in a new flask. Adherent lines were passaged by removal of
media, washing with PBS, then addition of 0.05% (w/v) EDT#ypsin in PBS Sigma
Aldrich) or 2 mM EDTA in PBS (Sigmaldrich). Cells were left to ircubate in EDTA/EDTA
trypsin until they were visibly removed from the surface. At this point, the trypsin was
neutralised with twice the volume of complete media. The cell suspension was removed and
centrifuged at 395 x g for 3 minutes at room temperatureThe supernatant wasdiscarded,
and cells were resuspended in complete media, counted, and diluted with complete media

to achieve the desired cell density in a new flask.

Cells were frozen in a sterile freezing solution composed of 90% FCS (SigAddrich) and
10% DMSO (SigmaAldrich). 1 z 5 x 10 cells werecentrifuged at 395 x g for3 minutes and

resuspended in 1 ml of freezing media, transferred to a cryovial and placed in a Nalgene
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freezing chamber (Thermo Fisher) at80 °C overnight. For longerm storage, cells were

transferred to liquid nitrogen vapour storage containers.

Cryovials of cells to be thawed were placed directly into a water bath at 3Zfor 1-2 minutes
before the contents was removed, mixed with 5ml complete media at 3Zand then spun at
395 x g for 3 minutes at room temperature. The supernatant was discarded, and the cell
pellet resuspended in an appropriate volume of complete media and transferred to a flask.
Cells were examined microscopically after 48 hours to check viability and spldfter

reaching an appropriate density.

2.1.1 Jurkat E61

The Jurkat cell line is a human T lymphocyte line isolated from an acute T cell
leukaemial59,160. The line EBG1 is a clone from the original cell sampleATCCTIB-152).
Jurkats were maintained in RPMimedium (SigmaAldrich) supplemented with 10 % foetal
calf serum (SigmaAldrich), 2 mM L-glutamine (SigmaAldrich), 10 mM HEPES(Sigma
Aldrich) and 1X genicillin/ streptomycin/ neomycinsolution (final concentrations 50ug/mi
penicillin, 50 pg/ml streptomycin, 100 pg/ml neomycin; SigmaAldrich). Cultures were

maintained between 1 x 18 and 1 x 16 cells/ml.

2.1.2 HEK 293T

The 293T cell line is an adherent epithelial cell line, isolated from human embryonic kidney
cells and containingthe SV40 Tantigen, making them efficient at replicating vectors

containing the SV40 region of replication (ATCCRL-3216). This line was maintained in

$01 AAAAT 80 -1 AEAEAA %A Qidikld), Guppletndniedwith 0% FC5; N 3 ECI £

2 mM L-glutamine, and 1X peniciin/streptomycin/neomycin. Cultures were maintained

between 30-90% confluency.
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2.1.3 CHOK1

CHOK1 cells were isolated from the ovary of an adult Chinese hamster (ATCC @) They
are an adherent cell line, grown in DMEM (Gibco, Invitrogen) supplemented wittd26 FCS,
2 mM L-glutamine, 1 mM sodium pyruvate (Invitrogen), 1X
penicillin/streptomycin/neomycin and a 1X non-essential amino acid supplement (Gibco).

Cultures were maintained between 3890% confluency.

214 U-20S

Originally known as T2, the U2 OS cell linds an adherent epithelial cell line derived from
an osteosarcoma (ATCEITB-96). U-2 OS cell lines were maintained iMcCoy's 5a Medium
Modified (SigmaAldrich), supplemented with 10 % FCS, 2 mM-¢lutamine, 1 mM sodium
pyruvate, 1X penicillin/streptomycin/ neomycin. Cultures were maintained between 30

90% confluency.

2.1.5 A20 HyHEL10 B Cells

A cell line derived from A20 B cells (murine spontaneous reticulum cell sarcoma; ATCC TIB
208) previously created by Martin Wilcock (Davis group). CRISPR/Cas9 targeting tBER
heavy and light chains as well as jgwas used to ablate expression of the A20 endogenous
BCR which were replaced by heavy and light chains of the HYHEL10 BCR, whose ligand is
hen egg lysozyme (HEL), using standard lentiviral transduction (see sectiéh2.2.9. Igy
containing an intracellular HaloTag was also introduced for further labelling methods. Cells
were created with the BCR expressed undeiiteer a strong or weak promotor in pHR and
pHRI vectors respectively (described in sectior?.2.1) and sorted to obtain homogenous
expression across he cell population. Cultures were maintained in RPMI medium
supplemented with 10 % foetal calf serum, 2 mM -glutamine, 10 mM HEPES, 1X
PATEAEI T ET TOOOADPOI | UAET Fmeréaptbethahnd 1(Gibdo). Lultuest
were maintained between 1 x 18and 1 x 16 cells/ml.
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2.1.6 MD4 Primary B Cells

MD4 cells were acquired from mice transgenic for the B cell receptor HyHEL10, which binds

the ligand hen egg lysozyme (HEL) with high affinity. Primary B cells were harvested from

a recently sacrificed mouse by mshing the spleen through a 4QuM cell strainer (Corning;

SigmaAldrich), lysis of red blood cells with 1 ml ACK buffer (Thermo Fisher), centrifugation

at 526 x g for 5 minutes and removal of supernatant before magnetic cell sorting using a

MACSB cell isolation kit (Cat# 130-090-862; Miltenyid AO DBAO | AT OEFAAOOOAO0BE O
Purity was checked through labelling of cells with fluorescent HEL and deducing the

positively stained population. MD4 cells were used within the same day and kept in sterile

PBS a#°C.

2.2 DNA Methods

2.2.1 Vectors Used

pHR

The pHRSIN-CSGW (pHR)vector is a lentiviral vector derived from the human
immunodeficiency virus. The gene of interest is expressed under the control of the spleen

focus formingvirus (SFFV)promotor and includes an adlitional woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE)AT EAT AAO AO OE Acontaiis AT A8 4 E
an ampicillin resistance gene for selectionn bacterial cells.It is used in combination with

the plasmids pMDG and pP8.91 to pragte replication-incapable lentiviral particles for

stable insertion of a gene of interest into target cell lines.

pHRI

The pHRI vector is identical to the pHR vectoexcep for a change in promotor to the
ecdysone inducible promoter, E/GRE. This promotor requires the activity of the nuclear

factors RXR and FEERV (together with ponasterone) for optimal expression. As these are
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not present in any of the cells used in this stly, genes in this vector are expressed at very

low levels.

LentiCRISPRv2

This lentiviral vector contains the Streptococcus pyogeneSas9 nuclease togethewith
restriction sites that allow insertion of a 20 bp single guide RNAand is used for
CRISPR/Cas9table knockdowns in cell linesThe vector confers resistance tampicillin in

bacterial cells and puromycin in mammalian ced.

2.2.2 Cloning Method Overview

"ATAO T &£ ET OAOAOGO xAOA Ai bl EEZEAA £O01T1 DI AOIEAO
restriction sites and then run on agarose gels to check product size and purityectors and

PCR products were digested with restriction enzymes and then respectively purified by gel
electrophoresis or PCR cleaning. Ligation was conducted by addition of BNgase before

DNA transformation into chemically competent bacteria (Top10). Colonies were grown and

screened by antibiotic resistance. Selected colonies were grown up in nutrient culture and

used to prepare larger quantities of DNA. Newly generated plasds were confirmed by

DNA sequencing.

2.2.2.1 Primer Design

Primers were designed on SnapgeneGSL Biotech; available at snapgene.cpreoftware

using the following parameters where possible: (1) 150bp in length to reduce secondary

structure formation and foldil ¢ xEEIT A AET AET C j¢q o8 AT A AT AET C
specificity of binding (3) melting temperature between 5068°# j 1 o6 AT A uvdé BDOE

differing in melting temperature by more than 5C.

2222 PCR

PCR reactions were set up using the following mix.
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Reagent Concentration/mass
Template DNA 100 ng

Forward primer 0.5uM

Reverse primer 0.5uM

dNTPs 200 uM

Phusion HighFidelity DNA
Polymerase (NEB)

1X final concentration

Phusion HF buffer

1X final concentration

De-ionised (Milli-Q) water

Up to 20pL total volume

Reactions were carried out in @io-Rad T100 Thermal Cycler using the following settings

Step Temperature/ °C Time/s

1 Enzyme activation 98 60

2 DNA denaturation 98 10

3 Primer annealing 50-70 (depending on primers) | 30

4 DNA extension 72 60 per kb

5 DNA amplification X 29 cycles
6 Final extension 72 300

7 Cooling 10 <Infinite

In some instances, a twestep PCR was used to generate chimeric proteins. Each segment of

DNA was first amplified with primers designed to generate overlapping ends of

approximately 50-100 bp. These two products were then added in equimolar

concentrations to a PCR mixture as above with the number of amplification cycles reduced

to 15.

2.2.2.3 Restriction Enzyme Digestion

Vector DNA (up tou t)@r PCRproduct (entire volume extracted) was digested for 60

minutes at 37aC, with the following reaction mixture:

Reagent Concentration/mass
DNA Uptou | C
Restriction enzyme (NEB) 10-20 U

Buffer (NEB) 1Xfinal

De-ionised (Milli -Q) water Up to 501 |

[93]



Caitlin O'Brien-Ball Trinity Term 2022

The gptimal buffer was chosen according tdhe online tool Double Digest Finder (NEB)
After digestion, vectors were purified by gel electrophoresis and PCR products were

purified using a PCR purification kit (Qiagen).

2.2.2.4 Agarose Gel Electrophoresis

PCR products ad digested vectors were separated by gel electrophoresis. Molecular grade
agarose (Thermo Fisher) was mixed with TBEI{is/Borate/EDTA buffer, SigmaAldrich) to

a concentration of 1% w/v. Approximately 75ml of the mixture per gel was heated in a
microwave in bursts of 90 s until the agarose dissolved. The mixture was left to cool, and
ethidium bromide (SigmaAldrich) was added to a concentration of 0.5 g/ml. Gels were
cast in Flowgel Bioscience gel tanks and left to set at room temperature. Samples were
diluted with | oading DNA gel stain (NEBand added to the wells, along wittHyperLadder
1kb (Bioline). A BioRad powerpack was used to apply current to the gel at 100 V for 3D
minutes. DNA was then visualised with UV light using@elDocXR+ (Bie€Rad) andanalysed
with Image Lab (BicRad). Where needed, DNA was extracted using a scalpel by placing the
gel on a lowUV lamp. DNA was then extracted from the gebking aPureLink® Quick Gel

Extraction Kit (Invitrogen).

2.2.2.5 Ligation

Digested DNA was ligated into theappropriately digested plasmid using the following

mixture:
Reagent Concentration
Digested insert DNA Variable
Digested vector Approximately 100ng
DNA ligase buffer (NEB) 1X final
T4 DNA ligase (NEB) 400 U
De-ionised (Milli -Q) water Up to 20t |

The ratio of insert:vector was varied to increase ligation success. Ratios of 5:1, 10:1 and 1:1

insert:vector were most commonly used. Control reactions contained either no insert, or no
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ligase and no insert to test for vector rdigation and incomplete vector digestion
respectively. ligation reactions were undertaken at 16°C forl hour in a Bio-Rad T100

Thermal Cycler, or at room temperature overnight.

2.2.2.6 Transformation into Chemically Competent Bacteria

Ligation products were transformed into TOP1CE. coliby heat shock. TOP10 were thawed
on ice and 1Q | ligation mix was added to 5Q | of bacteria. Samples were left on ice for-80
minutes, then heat shocked at 4& for 45 seconds i Bio-Rad T100 ThermalCyclerbefore
returning to ice for a further minute. 1501 | of LB broth was added to each mixture followed
by incubation for one hour at 3&C. Transformed bacteria were plated onto an LB agar plate

containing the appropriate antibiotic and incubated at 34 overnight.

2.2.2.7 Vector Extraction and Purification

Colonies were used to inoculate LB broth containing the appropriate antibiotic, which was
incubated overnight at 374C with 225 rpm agitation. After centrifugationat 3739 x g and
removal of supernatant, plas EA $.! xAO DOOEAZLZEAA OOET C
Miniprep Kit (Invitrogen). DNA was eluted in TE buffer and the concentration was
determined spectrophotometrically using a NanoDrop Il (Thermo Fisher). Purity was
determined by measuring the 260nm/280nm ratio, with a value > 1.8 indicating acceptable

DNA purity.

2.2.2.8 Lentiviral Transduction of Suspension Cells
On day 1, 293 T cells were plated into-@vell plates (Thermo Fisher) at 3 x 1% cells/ml (2
ml per well). On day 2, the cells were checked by light m@scopy and the media was

swapped for 2 ml/well of the media used to grow the target cells. The following reaction

mixture was prepared:
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Reagent Mass per well
Plasmid DNA with gene of interest 0.5t9

pMDG nduv | C
p8.91 nd8uv t C
De-ionised (Milli -Q) water Up to 20ul

This mixture was then mixed with 100t | DMEM (Lonza) and 3 | Genejuice (Novagen) per
well under sterile conditions and left to incubate at room temperature for 1530 minutes.
The mixture was then added dropwise to each webf 293T cells. After 4872 hours, the
supernatant was harvested and filtered through 0.2 m filters to remove cell debris.
Generally, 1 x 16 target cells were infected with up to 2 ml of viral supernatant and
recovered 24 hours later with complete mediaup to 10 ml. The cells were cultured
according to standard methods and tested for expression by flow cytometry 72 hours after
infection. Cells with the desired expression level at the lowest volume of viral supernatant
were kept, and subsequent cell sortig was undertaken to obtain a pure cell population if

necessary.

2.2.3 CRISPR knockouts

CRISPR/Cas9 gene editing was used to permanently knock out expression of certain genes
in cell lines.Cloned CRISPR/Cas9 guides used in this thesis were kindly provided bynidd

Jenkins (Davis labyand were created by the following process.

Guide sequences were identified by submitting target genes to the CRISPOR desigri&ibl
and crossreferenced with CRISPR design feature in Benchling (hg38 reference genome).
Targeted £quences were chosen beyond the ATG start codon and within the first few exons.
Guides were selected based on low eférget predictions and sequences which were
experimentally verified were preferred. Sequences for gRNAs used in this thesis are shown

below.
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Name Exon target | Strand Sequence (53"

ZART0EX3 gRNA top | 3 Top CACCGTCTACTCGCGCGACCC(
ZAR70EXx3 gRNA bot | 3 Bottom AAACGTCGGGGTCGCGCGAGT
ZART0Ex4 gRNA top | 4 Top CACCGTTGCTACGACGGCCCA(
ZAR70Ex4 gRNA bot | 4 Bottom AAACCTCGTGGGCCGTCGTAG(

Oligos were annealed in the following mixture to create guides for cloning into the

LentiCRISPRv2 plasmid

Reagent Concentration
Forward oligo 100t M
Reverse oligo pTITI t -
T4 DNA ligase buffer (NEB) 1X

Milli -Q Up to 20pL

The annealing reaction was carried out in &io-Rad T100 Thermal Cyclerwith the

following program:

Step 4 A1 PAOAOOOA | Time (min)
1 37 30
2 98 5
3 Reduce by B Anhinute until
250 #

Annealed oligos were ligated into the lentiviral CRISPRv2 vector via the BsmBI restriction
site and transformed into chemically competent TOP10 bacteria as previously described
(section 2.2.2.6. Colonies were picked, grown in LB broth and DNA was extracted and
sequenced (section2.2.2.7). Guides were transfected into cell linesusing lentiviral
transduction as previously described(section 2.2.2.8, with the addition of puromycin (1
ug/ ml) selection after 3 days, which was maintained for 8ays. Knockdown of proteins was
confirmed by flow cytometry and/or Western blot. Where necessary and possible, cell

sorting was used to obtain a pure population of cells negative for the protein of interest.

2.2.4 DNA Sequencing

Sequencing was carried out by Saoe BioScience. Alignment of sequencing reads was

undertakenusing SnapGene software (GSL Biotech; availableratw.snapgene.com When
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required, further confirmation of sequences was carried out using the Basic Local Alignment
Search Too[NIH; available at www. blast.ncbi.nlm.nih.gov/Blast.cgj and crossreferenced
against known protein sequences within the UniProt databaséUniProt Consortium;

available atwww.uniprot.org/ ).

2.3 Protein Methods

2.3.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SBSGE)

Proteins were analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDSPAGE) under reducing and nomeducing conditions bymixing the diluted (typically
1:10) protein solution 1:1 with either Laemmli Sample Buffer(Bio-Rad) alone or sample
buffer with 5p O Frercaptoethanol (Bio-Rad)and denaturing by heating to 95C for 10
minutes. Precision markers (BieRad) were run in parallel with experimental samples to
determine approximate protein size.Samples were loadednto a NuPagel2% Bis-Tris gel
(Thermo Fisher) for SDEPAGE analysis. Gels were run in a MiRROTEAN® Tetra Cell (Bio

Rad) at 180V inTris/glycine/SDS running buffer (Merck) for an hour.

2.3.2 Size Exclusion Chromatography

Size exclusiorchromatography was used to analyse and purify proteins. The machine used
to perform Fast Protein Liquid Chromatography (FPLC) was an AKTA pure FPLC system
with a variety of columns available depending on optimum separation range and quantity
of protein. The protein was first concentrated to an appropriate volume (between 08 ml)
and centrifuged at 17,000 g at & to pellet any large aggregates. Columns and pumps were
flushed with 1.5 column volumes of 0.5M sodium hydroxide followed by filtered MiHQ
water. The system was then calibrated with 1.5 column volumes of appropriate buffer
(filtered PBS or HBS either with or without sodium azide depending on the protein use),

which was also used to flush the injection loop. A maximum of 10 mg of protein was used
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per injection and protein was eluted into 0.51 ml fractions in the desired buffer. The
concentration of each fraction was determined using a NanoDrop Il. Selected fractions were
analysed by SDSAGE to check purity, and the highest quality fractions wegooled. If the
protein was not to be used immediately small aliquots were snhap frozen usirdry ice and

isopropanol and stored at-y T 0 # 8

2.3.3 Spectrophotometry

Protein concentrations were assessed by spectrophotometry using a NanoDrop I
(ThermoFisher Scientifc). Absorption was measured at 280 nm and concentration was

determined by dividing this value by the extinction coefficient of the protein.

2.3.4 Coomassie Staining

After SDSPAGE, gels were then removed and stained withoomassie Blue solutionq.1%
(w/v) Coomassie Brilliant Blue, 50% (v/v) methanol, 10% (v/v) acetic acid), for 2 hours
and subsequently incubated in destain solution (10% (v/v) acetic acid and 12% (v/v)

methanol) overnight to visualiseprotein bands.

2.3.5 WesternBlot

After SDSPAGE withAmersham ECLRainbow Molecular Weight Marker (GE Healthcare
Life Sciences)samples were transferred to a nitrocellulose blotting membrane (0.45um, GE
Healthcare) byelectroblotting using an XCell 1l Blot module (Invitrogen, UK) atOQV in ice
cold transfer buffer (1X tris-glycine buffer, 20% methanol, MilliQ water). Membranes were
blocked with PBS containing 0.1% (v/v) Tween 20Q(Sigma Aldrich) and 3% (w/v) BSA
(Sigma) on a rocker for either 1 hour at room temperature or 4C overnight. For His tag
detection, blocked nembranes were stained with a 1:10000 dilution of HRRonjugated
anti-His tag antibody (Abcamclone ab1187) diluted in PBS with 3% BSA for 1 hour at 4°C

on a rocker. For other stains, the appropriate primary antibody wasliluted 1:100-1:1000
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in PBS with 3% BSA, left to incubate for 1 hour at 4°C on a rocker, followed by 3-miute
washes with PBS containingrween 0.05% (v/v) before incubation with secondary HRP
conjugated antibody @sually Sigma Aldrichclone A0168) for 1 hour at 4°C on a rocker.
Membranes were then washed three times with PBS containing Tween 0.05% (v/v) every
5 minutes. Immunoblots were deeloped using a PierceECL kit (Thermo Fisher) and
captured digitally using an iBright FL1000 machine (Thermo Fisher) with adjustable

exposure time.

2.3.6 Expression of Soluble HisTagged Proteins

On day 1, CH&K1 cells were plated out in 20 ml complete media ia T75 flask at a density
of 4 x 1 cells/ml. On day 2, prior to transfection, the media was changed to DMEM (Gibco,
Invitrogen) supplemented with 10 % FCS, 1 mM sodium pyruvate, 1X
penicillin/streptomycin/neomycin and a 1X non-essential amino acid supplenent. The

transfection mixture was prepared as follows:

Volume/mass
Plasmid DNA with gene of interest 10t g
Genejuice (Novagen) 30t
DMEM (Gibco) 500¢ |

The mixture was incubated at room temperature for 1830 minutes then added to the
appropriate flask. An additional flask was set up as a control transfection, containing no
DNA. After several days, an aliquot of the supernatant was removed to test for peih
expression by Western blot. Cells were then expanded by trypsinisation, centrifugation,-re
suspension and seeding as previously described (sectidhl), into flasks of increasing
volume once confluency was reacheduntil occupying 10 x T175 flasks. During the first
expansion, and after Western blot confirmation, aliquots were frozen for future use. After
the final expansion, media was exchanged for complete medigith only 1 % FCS.
Supernatant was harvested after 1 week and media was replaced onto the cells, where the

final harvest was carried out after a further week. For storage, supernatant was centrifuged
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(935 x g, 10 minutes) to remove cell debris, sodium az&dwas added (0.05% w/v) and the

supernatant was placed at 4°C until purification.

2.3.7 Purification of His-Tagged Proteins

Tissue culture supernatant was mixed with an equal volume of PBS + 0.5 M NaCl, adjusted
to pH 8.0 and sodium azide added to a final conceation of 0.05%. The elution column was
prepared by packing 5ml of NiNTA-Agarose beads (Qiagen) for every 1 L of supernatant.
The supernatant was then run through the column by gravity flow. Prelution was
undertaken with 50 ml of 10 mM imidazole in 5 nhfractions, which were then analysed by
NanoDrop Il to ensure a low optical density (OD) of below 0.03, indicating removal of non
specifically bound protein. A further 50 ml of 20 mM imidazole was used to prelute in 5

ml fractions and the optical densiy of each fraction was checked again. The protein was
then eluted from the column with 250 mM imidazole in 1 ml fractions. The absorption at
280 nm of each fraction was measured and selected fractions were analysed by SI&E
with Coomassie staining to chck protein size and purity. Desired fractions were selected,
pooled, and concentrated using Amicon filters with an appropriate size cut off before being
purified by FPLC on an AKTA pure Protein Purification System. Desired fractions from the

FPLC were anlysed by Western blot before final pooling, aliquoting and storage a80°C.

2.3.8 pMHC Production- Refolding

cDNA encoding the extracellular domain of HLA2 (residues 25304, UniProtKB P79603)
AT A2-IfEA QT C1 1 A @dsidfubs 2§11% UniProtkB P61769) wee ligated into the
pET28a+ vector (kanamycin resistant) for expression in Rosetta 2 (DE3)pLysS competent
E.coli(Merck). A double His tag (6xHidinker-6xHis) was added to the C terminus of the
HLA-A2 gene to facilitate adhesion to supported lipidilayers containing NkNTA-chelating

lipids.
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Rosetta 2 cells were transformed with 250 ng of vector DNA by heat shock (described in
section2.2.2.6 and plated on LBagar plates containing kanamycin (final concentration 50

pg/ml) and chloramphenicol (final concentration 34 pg/ml). Single colonies for each vector

were selected and grown overnight in high salt LB (1L d@nised water contains 10 g

tryptone, 5 g yeast extact, 10 g NaCl) with kanamycin (50 pg/ml) and chloramphenicol (34

pg/ml), at 37°C with 200 rpm shaking. The overnight culture was diluted to 0.05 OD600

(measured by NanoDrop IlI) in 1 L LB high salt with kanamycin (50 pg/ml) and
chloramphenicol (34 pg/ml) and incubated in the same conditions until the OD600 reached

0.6 (approximately 2 hours), at which point a final concentration of 1 uM IPTG was added

to induce expression of T7 RNA polymerase under the lacUV5 promoter, thus expressing

the MHC heavy chainlaA [ ¢- CAT AO08 4EA AOI OOOA xAO EIT AOGAA
200rpm then centrifuged 3739 xgforp ¢ | ET OOAO AO to#h AT A AET AT 1T U

i T 0 # QQ wated WithFD.9% NaCl. Pellets were storedap td # OT OE1 OOAS8

Pellets were resuspendedn 100 ml of resuspension buffer (1 L MQ water with 50 mM Tris

(#1 D( y8nh pmnm - . A#1h AT A pc¢8u ACTI1T $. AOA )

for 30 minutes. The resuspended cells were lysed in A1-kW cell disruptor (Constant

Systems)which was prepared by washing with MilltQ water, then resuspension buffer, and

cooled to 10°C with a FrigomixR (SartoriousStedim). The resuspension mix was passed

through the disruptor twice at a pressure of28 kPSl The disrupted cells were centrifuged

at 1shmmnm @ ¢ AO to# A O pn [ ETOOAOh OAOOODPAT AR

homogenised using a glass tissue grindésigma Aldrich). This process was repeated, then

the pellets were resuspended ill ml EDTAurea denaturation buffer (taken from a mix of

250 ml Milli-Q water with 120.12 g urea, 50 mM TriHCL, 10 mM EDTA pH 8.0) and left to

incubate at room temperature overnight. This suspension was centrifuged at 15,000 x g at

T0# A O pn [ ETOOAO AT A OEA OAOOI OET &0020DA0OT AOA

pm-filtered and concentrated using an Amicon 10kDa Ultracel0 membrane (Millipore) to

either 1I5mg/ml (HLA-! ¢ TEAAOU AEAEI qQ 1O pm 1 CXil jrcg-7TiECE
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For refolding of the complete pMHC complex, 1 mg of relevant peptide (gp100), 15 mg of

HLA-A2- H6-linker-( ¢ AT A @ 1 C T &£ r¢- EITAI OOETT AT AEAO x £
50ml falcon tubes containing 15 ml EDTA/urea denaturation buffer with 1 % (v/v) 1M DTT.

The proteins were incubated at37t ¢ 0 # A O omn [ ET OOAO O1 AAT AOGOOA
200miofpreAEET 1 AA jto#q OAKMh ith AGD MERBHGLA2ML- ET 1 E
Arginine, 2 mM EDTA, and 1.14 g cysteamine hydrochloride and 0.23 g cystamine
dihydrochloride (last two added 30 minutes before use)). This solution was incubated for

¢n [ ET OOAO AO 10o# xEOE A 1T Aci AGEA OOEOOET ¢ AAON
(Sigma) for dialysis, which were previously prepared by boiling in 2% (w/v) sodium

bicarbonate and 1 mM EDTA pH 8.0 and pmweashed in deionised water. Dialysis wa

performed over four days (with replacement of deionised water after daythree) in chilled

i T O #iGnisddAvater with magnetic bar stirring. After four days the dialysis buffer was

exchanged for deionised water with 10 mM Tris-( #, D ( ¢ 8 1 Chverhight, heEO AO 1 0
the contents of the dialysis tubes was collected and centrifugeat 3739x gatt 0 # /&I O ¢ 1
minutes to remove aggregate before concentrating to 280 OD A&280 using Amicon 10kDa

Ultracel-10 membrane filters (Millipore). Concentrated proteinwas analysed by FPLC and

Coomassie staining and fractions indicating complex formation were chosen and used.

2.3.9 UCHT1 FabHalo Production

The plasmids containing the UCHT1 Fab light and heavy chains were a kind gift from Nicole
Ashman (Davis group). Th&JCHT1 Fab heavy chain was amplified by PCR and ligated into
a plasmid with a Gterminal linker and Strep-tag Il provided by Jd&o Ferreira Fernandes
(Davis group). Both plasmids were cdransfected into CHOK1 cells, which were grown as
per the soluble protein purification method previously described (section2.3.6) and the
supernatant was harvested for purification, which was based on an established mettad

An Econoecolumn (Bio-Rad) containing Streptactin purification resin was fixed in an

upright position and the 20% ethanol solution used for storage was removed. The resin was
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then washed in 5 column volumes of MillQ water and equilibrated by passing oer 5
column volumes of buffer W {00 mM Tris-HCI pH8, 150mM NaCl, InM EDTAadjusted to
pH8). The cell supernatant was concentrated using "ivaflow 200, 10-kDa MWCO PES
concentrator to 50 ml and applied to the column, which was then sealed and attachéal a
rotator to bind in batch for 90 minutes at room temperature. After this, the column was
fixed upright, and the supernatant was allowed to flow through by gravity flow. The column
was then washed in 25 column volumes of buffer W before elution in 5 eshn volumes of
elution buffer (buffer W with 2.5 mM d-Desthiobiotin) in 1 ml fractions. Column washes,
and elution fractions were analysed for protein concentration by A280 readings on a
NanoDrop Il (ThermoFisher). Fractions containing high concentration®f protein were
analysed by Coomassie stain, and selected fractions containing the protein at the correct
size were pooled, concentrated and purified using gel filtratioras previously described

(section 2.3.2).

2.3.10 Protein Thawing and Storage

After initial freezing, proteins were thawed at 4°C and centrifuged at 17,000 x g for 5
minutes at 4°C to remove potential aggregate. The supernatant was transferred to a fresh
Eppendorf tube and concentration was determined by 280 measuredusing aNanoDrop Il
(ThermoFisher). If being thawed for labelling, the protein was subsequently aliquoted into
small volumes and snap frozen, or if being used for other means, was kept at 4°Ctéoo

weeks before being discarded.

2.3.11 Protein Labelling

Proteins were labelled nonspecifically using Alexa Fluor 488, 555 or 647 Antibody
, AAATTETC +EO j4EAOIT &EOEAOQ AAAT OAET ¢ OI
ET A 1 AAAIT 1 ET ICdyeAp@Apboikif. A-br Aabellirig A& ptoteins via HaloTag,

approximately 100 pL of protein at 1 mg/mL was mixed at a 1:2 molar ratio with HaloTag

[104]
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ligand dye and incubated at room temperature for 1 hour, with regular mixing. The protein
solution was then pased overa Bio-Spin 6 Tris column(Bio Rad), (previously centrifuged

at 1100 gfor 3 minutes) and centrifuged at 1100 g for 5 minutes with a test tube below to
collect labelled protein. Labelling efficiency and protein concentration were determined

using a NanoDrop Il (ThermoFisher).

2.4 Flow Cytometry

2.4.1 Surface Staining

Approximately 5 x 105 cells were harvested into round-bottomed 12 x 75 mm test tubes
(Fisher Scientific), topped up with 3 ml of PBSontaining 0.05% sodium azide, and
centrifuged at 395 x g for 2 minutes at room temperature. The supernatant wasmoved,
and cells were resuspended in 10Q | of PBSazide with the appropriate antibody and
incubated in the dark at 4C for 3060 minutes. Antibody isotype,antigen-negative and
unstained controls were prepared in parallel. If a conjugated primary antibody was not
available, cells were labelled first with a primary antibody, washed twice with PB8zide
and then incubated with a conjugated secondary antibody ithe dark at 4C for 30-60
minutes. Cells were then washed twice with 3ml PB&zide before final resuspension in 200

3001 | of 2% paraformaldehyde diluted in PBS.
2.4.2 Intracellular Staining

For intracellular proteins, cells were first fixed in 300t | of 4% paaformaldehyde at room
temperature for 15 minutes. Cells were washed in 3 ml PB&ide and resuspended in 100
t 1 of intracellular staining (ICS)buffer (0.5% Saponin, 86 FCS, PBSwith the appropriate
concentration of antibody (typically 0.5 ng# I). Cellswere left to incubate in the dark at 4C
for 60 minutes, washed twice with 3 ml ICS buffer and resuspended in 2€8D0t | PBSazide.

If a conjugated primary antibody was not available, cells were labelled first with a primary
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antibody, washed twice with ICSbuffer and then incubated with a conjugated secondary

antibody for a further hour in the dark at 4aC.

Staining for intracellular Halo or SNAPTags was carried out by harvesting 1 206 cells,

centrifuging at 395 x gfor 2 minutes and resuspending in an gpropriate amount of

fluorescent label diluted in complete media. Cells were placed in the cell culture incubator

A1 O 1T AAATTET ch OEAT xAOEAA AO PAO200&AT I Al OlEAA O

2% paraformaldehyde diluted in PBSefore flow cytometry analysis.

Cells were analysed using Attune NxT (Life Technologies) machinés.least 30,000 cells
were collected per sampleCell sorting was performed by the WIMM FACS facility. Data was
analysed using FlowJo. Where necessary, quantification ofrface proteins was undertaken

using BD QuantiBritePE beads as per recommended instructions.

2.5 Microscopy Methods

2.5.1 GlassSupported Lipid Bilayer (SLB) Preparation

Small unilamellar lipid vesicle (SUV fusion was used to create SLBs. To prepare the SUV
suspension, atotal of 1 mgof lipids were mixed in the required molar ratio (either 98%
POPC and 2% DGISTA-Ni2+ (Avanti Polar Lipids) or 100% POPC) in a glass vial rinsed with
chloroform. The vial wasrotated under nitrogen gas until the chloroform had evaporated.
The lipid film was then hydrated with 1 ml of 0.22um-filtered PBS, vortexed for 30 seconds
and incubated for 30 minutes on ice. The sample was then sonicated on ice using a tip

sonicator for 30 minutes (cyclesof 10 seconds on, 10 seconds off at 55 Hajtil clear.

Glass slides (25 mm, thickness no. 1.5; VWR) were cleaned in piranha solution (3:1 ratio of
concentrated sulphuric acid30% hydrogen peroxide solution) for at least 1 hour then
washed liberally with Milli -Q water. Slides were dried rapidly with compressed air and then

placed in a plasma cleaner (Plasma Surface Technology) for 1 minute. CultureWeHvgéll
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silicon covers (Grace Bid_abs) were adhered to the slides and 10l of SUVs duted 1:1 with
0.22 um-filtered PBS were added to each well. After incubation for 30 mins, wells were
washed three times with 10t | 0.22 umtfiltered PBS, making sure the well did not dry out. If
protein was required on the bilayer, after the final wash, &but 2 { | of liquid was removed
from the wells and 5t | of protein mix was added and left to incubate for 1 hour. A final wash

with 10 yL of 0.22 untfiltered PBSwas carried out ten times before use.

2.5.2 1stand 2d Generation SLBs

The final concentrations ofproteins used, and the approximate density produced on the SLB
(for 2nd generation SLBs), are shown below. Proteins were first mixed with 0.38n-filtered
PBS to achieve the desired concentration before adding to the SLB. Concentrations of
protein and dersities quoted in this thesis are based on the work of Edward Jenkins (Davis
group), who set up and optimised ® generation SLB conditions to match the density of
proteins on primary human monocytederived dendritic cells. The concentration of null
pPMHC wa determined by subtracting the concentration of agonist pMHC from the total
pPMHC density used, since both agonist and null have the same molecular weight. Density

values were not measured on st generation SLBs.

1st generation SLBs

Protein Final concentr ation (ng/ ul)
Agonist pMHC 0-2
Null pMHC 8-10
ICAM-1 1.2

2nd generation SLBs

Protein Final concentration Density on SLB (x/ pm?2)
(ng/ pl)
Agonist pMHC 0-0.5 0-100

Null pMHC 9.95-10 > 1700
ICAM1 1.2 400-600
CD58 0.5 200-300
CD45RABC 25 250-350
CD43 15 300-400
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2.5.3 Glass Surface Preparation

Sterile p-Slide 8well glass chambers lpidi ) were incubated with antibody or Fab diluted in
0.22 um-filtered PBS at the desired concentration for 2 hours at room temperature, then
washed 3 times with 400pl 0.22 um-filtered PBS immediately before use. When PLL coating
was required, each well was incubated for at least 15 minutes with 300l PLL solution
(0.01% high molecular weight solution, Sigma Aldrich) and washed the same way. If being
used for live cell imaging, chambers were allowed to equilibrate in the microscope incubator

box for 5-10 minutes prior to the addition of cells.

2.5.4 Total Internal Reflection FluorescenceMicroscopy (TIRFM)

Images were acquired on an OlympubX83 inverted TIRF microscope with al50X 1.5 NA
oil objective, Photometrics Prime camera anctellTIRF4Line system Laser power was
adjusted for optimal signal:noise ratio with minimal photobleaching. For live cell imaging,

the incubator wasmaintained ata temperature of 37°C

Some TIRFM experiments were carried out oa custombuilt TIRF microscope, located with
collaborators in the Department of ChemistryUniversity of Cambridge The microscope
uses a 100X 100 Plan Apo TIRF, NA 1.49-miimersion objective (Nikon) mounted on an
inverted optical microscope (Ti2, Eclipg, Nikon). The lasers used were 488 nm (iBeam
SMART, Toptica), 561 nm (LaserBoxx, DPSS, Oxxius), and 641 nm (Obis, Coherent) and
powers were adjusted for maximum signal:noise with minimal bleaching. Images were
formed onto an electronmultiplying charge-coupled device (EMCCD, Evolve 512 Delta,
Photometrics). Focus was controlled with the Nikon Perfect Focus System and image
acquisition was automated using Micro Manageopen-source software373. The microscope

was fitted with an incubator (DigitalPixel) to maintain a temperature of 37C for live cell

imaging.
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2.5.5 Confocal Microscopy

Confocal imaging data was acquired on aoSM 880or 780 Inverted Confocal Microscope
(Carl Zeiss) with an incubation box. Zen software was used to operate the microscope.
Several oljectives from 10-63X were used depending on experimental needs. The pinhole

diameter was set to 1 airy unit.

2.5.5.1 Calcium Flux Imaging

Calcium flux experiments were conducted using the incubation box to maintain the sample

temperature at 376C, with 5% CQA 10X air objective was used.

Cells were maintained at an optimal density for at least 2 days before use in triggering
experiments to ensure reproducibility. Approximately 1 x 18 cells were harvested into a
1.5ml Eppendorf and spun in a MiniSpinEppendorf) at 2000rpm for 60 seconds. Cells were
then resuspended in 100f | RPMI (no supplements), 100t IPBS and 1 IFluo-4 AM dye
(Thermo Fisher; final concentration 2.5ug/ml). Cells were incubated for 35 minutes at
37 and 5% C@in the dark before 2 washes in500 pl 0.22 um-filtered PBS with 2mM
magnesiumsulphate (hereafter PBEMgSQ). The final cell pellet was resuspended in 50
200t 1 0.P2fn-filtered PBSMgSQ depending on the density needed. Cells were allowed
to equilibrate for 3 minutes in the microscope incubator prior to placing on surfaces for
imaging. During this time, the correct focal plane was determined by focussing on the glass
surface, then video aquisition was started and 2¢nm t 1 1T £ OEA AAI1l [T E@OO

depending on the density of cells required. Calcium triggering videos were acquired with

the 488 laser with 1 frame taken per second for 600 frames/10 minutes.

2.5.5.2 Cell and SLB Imaging

SLBs wee imaged using a 63X NA 1.4 oil objective either at 32 or room temperature

depending on the sample. To achieve the clearest images, the highest averaging possible
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was used, typically 816x. For timelapse experiments, autofocus was used approximately
every 10 seconds depending on frame length to keep illumination as even as possible

throughout.

2.5.5.3 Interference Reflection Microscopy (IRM)

To analyse cell areas in close contact with the surface, an IRM path was used. This involves
a light pathset up with an emission filter that allows incident light reflected from the sample

to be detected. Areas closer to the surface appear darkere(,less signal intensity).
2.5.6 Intracellular HaloTag protein labelling

Approximately 5 x 1 cells were harvested into a 1.5 ml eppndorf, centrifuged at 2000

rpm in a MiniSpin and resuspended in 20Qul complete media containing the appropriate

AT 1T AAT OOAOETT 1T &£ (AlT4ACc TECATA AUA AO PAO
to incubate in a tissue culture incubator at 37C and 5% CQ for 30 minutes before
centrifugation and resuspension in 1 ml of complete media. Cells were incubated again in a
tissue culture incubator for 30 minutes before a final round of centrifugation and
resuspension in 1 ml of complete media, and incaion for 30 minutes. These steps are
taken to wash away free dye in the cells. Cells were finally washed twice in 5@0warmed

0.22 um-filtered PBSMgSQand resuspended in the same buffer for imaging.
2.5.7 Surface protein labelling with Fabs

Approximately 5 x 105 cells were harvested into a 1.5 ml eppendorf, centrifuged at 2000
rom in a MiniSpin and resuspended in 2004l complete media with an appropriate
concentration of Fab (typically 20 pg/ml). Cells were left to incubate in a tissue culture
incubator at 37°C and 5%CQ for 10 minutes before centrifugation and washing twice in
500 pl warmed 0.22 pm-filtered PBSM@SQ and finally resuspending in the same for

imaging.
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2.6 Image Analysis with Custom Toolg Calcium Flux

Bulk calcium flux analysis of hundreds to thousands of cells was carried out using custom
MATLAB script written by Jane Humphrey (Klenerman group). The script automatically
processes the video for analysis and then determines the position of each cell logdl
maxima of signal. Over the frames of the video, the nearastighbour method is used to
combine the signal from each cell into a single continuous track. This allows first for the
distance travelled and the speed of each cell to be calculated. Time dadhesion is
determined when the cell speed drops, and stays, below 0j2m/s (value previously
determined based on T cells interacting with highly adherent surfaces; carried out by
Edward Jenkins, Davis group). The mean intensity of signal per cell is ugedproduce an
intensity trace for each cell, from which usesset thresholds determine whether a cell is
Al 61 6OAA AO OOOECCAOAAS 1O 1108 4EEO EO AAEET AA
baseline value, which is calculated per cell, so that digpancies in cell size and dye loading
are accounted for, and that calcium traces can be compared across conditions. For
OOAOANOAT O AT Al UOEOh AAI 1 O xEEAE xAOA AAOGECIT AC
which started off with a high value and then delined over time were excluded as this likely

is caused by triggering from pipetting/charge interactions during sample preparation. Cells
triggering earlier than 10 s into their tracks were excluded as these are also likely to be
triggered through non-spedfic means before genuine interaction with the surface. The code
also provides information about the number and amplitude of calcium spikes and time to
triggering. Cells landingS300 seconds before the end of acquisition were automatically
excluded from aralysis to avoid artificially being counted as noftriggering or non-

adherent.
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3 Creation of Cell Lines to Study TCRignalling and TFCell
Contact Formation

3.1 Introduction

Antigen-specific triggering of the TCR has been studied for decades, yet single model
explaining the triggering mechanism is agreed upon. While using primary human T cells
would provide the most physiologically relevant system for studying these pathways,
challenges arise in obtaining, propagating, and genetically editing thesells. Furthermore,
since the experiments carried out in this thesis rely on model APCsd.,SLBSs) for imaging
purposes, the T cells being studied must express a TCR with known pMHC specificity as this
must be made in advance for presentation on SLBshi$, along with the other genetic
modifications required to manipulate signalling used in this thesis, is why immortalised cell

lines were chosen for study.

The cell lines created all derive from the weltharacterised Jurkat T cell line (E€L clone)
which was isolated from the blood of a fourteenyear-old leukaemia patient in the
1970s369.370, They are amenable to transduction and have an approximate doubling time of
20 hours’74, making them a practical candidate for generating modified cell lines.
Furthermore, they are the most frequently used cell line for studying T cell signallidgp, so

findings from this thesis can be readily discussed in the context of the literature.

The two TCRs used in this thesis are the 183and gp100 (also known a$sRa3b17)376 TCRs,
which are both MHC class-testricted. These will each be introduced at two different
expression levels (either physiological or very low density) to compare -Eell responses
when TCR availability is substantially different. This not onlypresents an opportunity to
investigate the role of TCR microclusters vs. single TCRs in signal initiation, but also

provides different T cell models for microscopy experiments where low TCR expression
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would facilitate single-molecule TCR/pMHCimaging of dl receptors, rather than a subset

as achieved by sukstoichiometric labelling.

The 1G4 TCks a useful model TCR as its binding kinetics and affinities to many peptides
are well characterised?7.378, In this thesis, the selected agonist peptide was Q{HLA-A2-
restricted, NY-ESQderived peptide; SLLMWITQV), which has alB Ky of ~7 uM378, lying
within the physiological range of affinities (typically 1-100 uM) expected for a TCR8.379,
Therefore, the behaviour observed in 1G4TCRtransduced cells is likely to reflect a
physiological T-cell response, and so 1G4 T&&pressing cell lines will be used for studying
the effect of parameters such as TCR density and signalling capacity on various aspects of T

cell behaviour.

The gpl100 GPa3bl17TCR (hereafter gp100 TCR) is an affinitgnatured TCR developed for
immunotherapy purposes and is specific to a melanomderived peptide (HLAA2
restricted peptide, derived from gp10Qso-2ss; YLEPGPVTV}J5380 Its incredibly high affinity
(11 pM376) means that gpl00 TCRransduced cells make a good model for use in
experiments where longlived TCR/pMHC interactions (i.e.,over minutes) are required,
such as singlemolecule TCR/pMHCimaging on live cells and pMHC binding in solution, as

binding will last much longer than for the 1G4 TCR.

Furthermore, experiments in this thesis will investigate the impact off CRsignalling on T-
cell behaviours such as contact formation, spreading anthicrocluster formation, by
controlling the kinase activity of ZAR70. ZAR70 is a proximal kinase recruited to
phosphorylated TCR chains, responsible for propagating TCR signalling through
phosphorylating the adapter protein LAT (among otherslps5.160,213225,381 Control of ZAP70
activity, therefore, presentsan opportunity to ablate TCR signalling at an early stage in the
pathway and without affecting TCR/pMHCDbinding. Endogenous ZAF0 will be knocked
out by CRISPR/Cas9 and replaced by a mutated viems known as ZAPRP70(AS), which

contains a mutation in the ATPbinding domain (methionine 414 to alanine), rendering it
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reversibly sensitive to inhibition by the smallmolecule drug 3MB-PP 182, While this ZAR
70 mutant has been used in the context of sapse formation, and effector and memory

responsesin vivo38z38s, it has not yet been applied in the context of early signalling events.

To study the behaviour of T cells with different TCR expression levels, ligands, and signalling
capacities, several ell lines were generated for use in this thesis. This chapter will describe
the generation, sorting and validation of the cell lines and discuss the advantages and

disadvantages of these model T cdlhes.
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3.2 Materials andMethods

3.2.1 DNA Cloning and Transduabn

Sequences for the gp100 and 1G4 TCR were kindly provided by Mai Vuong and Edward
*ATEET O | $SAOEO CcOi Opgq OAOPAAOGEOGAI U8B 4EA | AT A
from existing plasmids created by Mai Vuong and cloned into a pHR and pHRi baoke,

with the native signal peptide left in the sequence. The chains of the 1G4 TCR with a

modified signal peptide MGILPSPGMPALLSLVSLLSYInh separate pHR backbones were

provided by Edward Jenkins. ThdG4 chain wassubsequentlyamplified without the stop

codon and cloned into a pHRNd pHRibackbone with a Gterminal SNARTagpresent after

a flexible linker sequencg(GSGSGS@b facilitate imaging through intracellular staining at

A pdp 1 AAAI OAAADPOT O OOTI EAEET | AOyared dike&A p' T4 A
ET Ol A DP(2E OAAOI 08 4#2, AT A | -rénkddcEdiioal £ AAAE
Jurkatderived CD4CD8+ TCR ¥t ET 1T AET OO A AIEtward Fehkhs bp bé OEAAA A
standard lentiviral transduction method (see section2.2.2.§ and sorted by FACS when

necessary to ensure a homogenous population (see sectigrl.1). Vectors for transduction

of LFA1 (CD11a and CD18 in pHR) were also provided by Edward Jenkins.

The sequence for human ZARPO(AS) was kindly provided by Mafalla Santos (Davis group).
The sequence was amplified by PCR, removing the stop codon, and ligated into a pHR
plasmid with a Gterminal flexible linker sequence (GSGSGSG) followed by a HaloTag and

stop codon, to encode the chimeric protein ZARPO(AS)-Halo.

3.2.2 CRISPR/Cas9 Knockouts

The TCR ¥ £D4 CD8+ starting cell line was created by Edward Jenkins (Davis group).
Briefly, the endogenous TCR of the Jurkat T cell line was removed using a single guide in the

LentiCRISPRvlasmid for each chain of the TCR targetgnexon 2, which were introduced
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simultaneously by lentiviral transduction. Cells were sorted for a COéegative population.
CD4 was then removed using two CRISPR gRNAs targeting exon 2 and 4 of the gene,
followed by sorting for a CD4 negative populationCD8 chains were then introduced and

matched to expression levels of human PBMderived CD8+ T cells.

Two ZAR70 knockout guides targeting exon3 and 4 in the LentiCRISPRv2lasmid were
provided by Edward Jenkins (Davis group; see also secti@i2.3). These were transduced
by the standard lentiviral method singly and in combinationinto the Jurkatderived TCR 7 1
CD4 CD8+cell line and subjected to puromycin selectioras previously described(section

2.2.3. Flow cytometry and Western blot were used to confirm knockout efficiency.

3.2.3 Cell Sorting

All procedures were carried out in a tissue culture cabinet to avoid contamination of cell
lines. Appraximately 1 x 10’ cellswere harvested into 50 ml falcon tubes (Fisher Scientific)
and centrifuged at 395 x g for 3 minutes. The supernatant was discarded, and cells were
washed in 5 ml of sterile PBS before centrifugation. After washing, 50 ul of relevaanitibody

(a large excess) was added to the residual supernatant after resuspending cells. This was
mixed and left to incubate on ice for 1 hour in the dark. Cells were washed twice in 5 ml of
sterile PBS before final resuspension in 50Ql of sterile PBS vith 2% FCS and flowed
through a 40 um cell strainer (Corning) into a sterile round-bottomed test tube (Fisher
Scientific) for sorting. Cells were collected into complete media after sorting, then
centrifuged at 395 x gfor 5 minutes, supernatant discardedand resuspended in 5 ml of
complete media. Cells were left to grow until the desired density was reached and aliquots

were frozen down as soon as possible after sorting.

3.2.4 Western Blot of Cell Lysates

Western blot was used to confirm (lack of) expression oftracellular proteins. For each cell

line to be probed, 5 x 10cells were harvested and washed in 3 ml of ieeold PBS. Cells were
[116]



Caitlin O'Brien-Ball Trinity Term 2022

then lysed by resuspending in 10Qul of lysis buffer (10 mM TrisHA pH 7.4, 150 mM NaCl,
1mM EDTA, 1mM PMSF and 1% w/v NBO) and incubating on ice for 30 minutes. The
samples were then centrifuged at 11,000 x g for 10 minutes at 4°C to remove the nuclear
fraction. The supernatant was transferred to a fresh 0.6 ml Eppendorf and prepared for SDS
PAGE and Westernblot as previously described (section 2.3). After transfer, the
nitrocellulose membrane was blocked with 3% BSA in PBS and probed with mouse anti
human ZAR70 antibodies (Bio Legnd), then secondary donkey antmouse HRP
conjugated antibodies §igmg. ECL reagents were used to visualise the protein bands and

digital images of blots were acquired on aiBright FL1000.

3.2.5 Plate-bound Calcium Flux Assay

For experiments described in thischapter, plates were incubated with OKT3 antibody
(provided by unit purification services) at a concentration of Jug/ml in PBS,incubated and
washed as previously describedsection 2.5.3), anda final volume of 30 ul of PBSMgSQ
was added. Up to 2@l of the final cell suspension was added to each well as the volume and
surface area is much larger than for SLBs and cells pigse more. Timelapse images were

obtained in the 488 channel by taking one frame every second for 600 frames.

3.2.6 SLB Calcium Flux Assay

SLBs were createdwashed, and incubated as previously described(section 2.5.1). The
concentration of agonist pMHC used was 2 ng/ul unless otherwise specifieth:10 ul of
labelled, washed and equilibrated cells were added to each bilayer by gently allowing a
single drop to fall into the well from the tip of a micropipette. Timelapse images were

obtained in the 488 channel by taking one frame every second for 600 frames.
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3.2.7 Plate-bound Activation Assays

OKT3coated 96well plastic plates (Ibidi) were used. Freshly thawed OKT3 in PBS was
centrifuged at 17,000 x g for 10 minutes to remove aggregate, the supernatant transferred
to another Eppendorf and its concentration determined using a NanoDrop Il. A solution of
10 pg/ml OKT3 was made up in sterile PBS in a tissue culture cabinet. This wagialty
diluted in sterile PBS a flatbottomed 96-well plate (Sigma Aldrich) to produce triplicate
concentrations for each cell line at each concentration, ranging from 1@/ml to 1 ng/ml.
The total volume in each well was kept at 10Ql. Plates were leftto incubate for 2 hours at

37°C before removing the solution and washing each well twice with 250l sterile PBS.

Cell lines were counted using a Countess Il automatic cell counter and diluted to a
concentration of 1x108/ ml in complete media (having been split the previous day to 5 x 20

/ ml). PBS was removed from each well and replaced with 1Q0 of media containing either

a 2X dose of drug (PP2,-B1B-PP1) or the control DMSO at the same volume. Drugs were
prepared such that their final dilution in media would not be less than 1 in 1000, to avoid
cells dying due to a high concentration of DMSO. Finally, 1QDof cells were added to each
well (5 x 104well final concentration) and plates were incubated in a tissue culture
incubator (Panasonic) at 37°C and 5% G@or 18 hours, enough time for the activation

markers CD25 and CD69 to be expressed at detectable levels.

To obtain flow data about cell activation,cells in each well were recovered by gentle
resuspension with a P200 multichannel micropipette and the total volume transferred to a
round-bottomed 96-well plate (Sigma Aldrich). Plates were spuat 395 x gfor 2 minutes to

pellet cells. Supernatant was idcarded and cells were washed in 200 pl/well PBS with

0.05% sodium azide. After centrifugation, cells were resuspended in residual liquid by

gentle vortexing. Antibodies againstCD® j AT T 1T A 5#( 4008 "jBNIT,ITAGAT3A h

BioLegend) CD25 (cloneBC96 BioLegend) and CD69 (clone FN50, BiolLegendyere
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together diluted 1:150 in PBS, and 50 pl of this solution was added to each well.

Fluorophores were carefully selected to avoid significant spectral overlap.

Staining was carried out in the dark at 4°C faan hour, then 200 pl/well PBSazide was used

to wash the cells twice before final resuspension in 200 ul PFA diluted to 2% in PBS.

Samples were analysed on an Attune NxXT with an automatic plate reader attachment. A
small volume of control cells was aspirad and used to determine appropriate voltages and
gates. The plate was then acquired automatically. Where an experiment required two-96
well plates, the acquisition was taken immediately after the first plate, acquisition settings

were copied over, and thesame machine was used.

3.2.8 Celkcell Activation Assays

On day 1, W2 OS cells were plated onto flabottomed 96-well plates at2.5x10* cells/ well

in 200 pl ofcompleteMcCoys O media(Sigma Aldrich) and T cells were split to 5 x 10ml.
On day 2, the peptie to be used for activation was serially diluted in sterile complete McCoy
media in a 96well round-bottomed plate, with a total final volume of 100 ul/well. Media
was removed from the cells in the plate and replaced with 90l of diluted peptide (stored

in DMSO), ranging from 18 M to 108M and a control with no peptide and DMSO only. These
were incubated in a tissue culture incubator (Panasonic) at 37°C and 5% £6r 2 hours
before media was removed and replaced with 100 pl complete RPMI media with
appropriate drug (PP2 or 3MB-PP1) or control DMSO. This solution was 2X concentrated
and never at a dilution lower than 1 in 500. T cells to be used for activation were diluted to
a concentration of X108/ ml in complete media and 10Qul of this suspension vas added to

each well. Plates were incubated, stained arahalysed as described above.
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3.3 Results

Several cell lines were created to facilitate ligandependent interactions with model APCs

across a variety of ligand/receptor affinities and TCR expressidevels.

3.3.1 Creation of 1G4and gp100TCREXxpressing Cell Lines

The starting T cell line for this project was provided by Edward Jenkins (Davis group). These
Jurkat-derived cells were previously modified using CRISPR/Cas9 gene editing to delete

CD4 and theAT AT CAT T OO0 * OOEAOTM @G 2AT A 42#3®) chains2 " 6 p ¢
xEET A ET OO1 AGAET ¢ OEA #s$yy AT A #3$YGDSHUE&ET Oh Ol

EAOAAEOAO OAEAOOAA O AO O4#2 +/868

Figure 10 summarises the creation of these cell lines in a flow chart. Viral supernatant for

OEA 4#2, AT A 4#21 AEAE]T GaspréBucedaAd uped to traAddute CBp mm 4
1 x 106 TCRKO cells either singly or m combination. To produce cell lines with different

expression levels, each TCR chain was transduced in a pHR and pHRI vector framework,

which contain promotors of different potency. TCR expression was checked by flow

cytometry using labelled anttCDR  Ibddy¥)(UCHT1), showing a shift in staining only when

AT OE AEAET O xAOA OOAT OAOGAAA OI CAOEAO8 4EEO EI?
present to successfully express TCR complex at the cell surface, and that no significant

Ai 1T 01 O T £ Al ATce Anbihs @edain in thesk Jyrkats.
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Figure 10 Creation of 1G4 and gp100 TCR-expressing cell lines (A) Schematic illustrating the
workflow for creating 1G4", 1G4, gp100W and gp100° cells. (B) Approximately 5 x 105 cells were
harvested, stained with the relevant antibody before fixation for flow cytometry analysis. Pane
show characterisation of modifications in Jurkatderived CD4 CD8 TCR KO cells by flow cytometr
which was used to ceate all subsequent cell lines. (C) Flow cytometry analysis indicating that -
expression of TCR in cells requires the presence of both TC&1d TCR chains in either high (pHR
or low (pHRI)-expressing vectors, and therefore that undetectable amounts @ndogenous Jurke
TCR are expressedl CRexpressed in a pHR vector (left) produce similar TCR expression to Jur
cells, whereas a pHRIi vector (right) produce a much lower expression.
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To achieve a more homogeneous population, cells were subsequently sorted for a T@Rd
TCRe population depending on the vector used for transduction and r@analysed by flow
cytometry to ensure expression level matching between T@Rand TCR cell lines of each
specificity. Subsequently, each cell line was stained with its cognate pMttCdemonstrate
TCR agonist pMHC binding. The gp100 TG&xpressing cells could be directly stained with
labelled monomeric gpl00 pMHC due to its high affinity, but for the 1G4 T&@Rpressing
cell lines, pMHC tetramers were used to increase staining efficiey. To produce these, a
modified version of 9\*loaded pMHC with a @erminus BirA tag was biotinylated and mixed
in a 5:1 ratio with Alexa Fluor 647labelled streptavidin (tetramers were made previously
by Edward Jenkins, Davis group)he distributions of the stained populations matched well
with the UCHTL stain, seen ifrigure 11.

A B C
CD3¢ OV-HLA-A2 tet gp100-HLA-A2

gp100!

gp100~

1G4ni >
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Ty Uns T s B B IR | Uns UL I AL AL L B LA
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Figure 11 Expression and specificity of 1G4 and gp100 TCRs Approximately 5 x 105 cells were
harvested and stained with the relevant antibody before fixation for flow cytometry analysis. (4
Surface TCR expression by flow cytometry on T@Rnd TCR cells after sorting. (B) Staining of the
1G4 TCR on high and loWwCRexpressing cell lines with &belled HLAA2-9V tetramer. (C) Staining ¢
the gp100 TCR on high and loWwCRexpressing cell lines by monomeric labelled HLA2-gp100.

Next, quantitative analysis of TCR expression was performduay flow cytometry using a
QuantiBrite kit (BD Biosciences). Cells were stained with a saturating concentration of PE
labelled UCHT1 antibody for 1 hour at 2C and analysed at the same time as standard PE

labelled beads Figure 12A). Using the geometric mean of each bead population, a standard
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curve was generated from which the average number of PE molecules per cell could be
determined (Figure 12B). Based on an average labelling efficiency of one PE molecule per
UCHT1 antibody (determined by NanoDrop Il absorbance readings), and two UCHT1
antibodies binding per TCR at saturation, an ggoximate number of TCRs per cell was
calculated (Figure 12C). 1G4 cells were found to express ~17,100 TCRs/cell and gp100
cells slightly lower at ~11,000 TCRs/cell, comparable to unmodified Jurkats (data not
shown). Of the TCRcells, the 1G# cells had an average of ~240 TCRs/cell and the gp160

cells had an average of ~490 TCRs/cell.
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Figure 12 Quantification of TCR expression on 1G4 and gpl00 TCRexpressing cells Cells anc
NOAT OEELEAAOGETI T AAAAO xAOA DPOAPAOAA AT A Al Al L
distributions on Quantibrite beads, wlich have known densities of fluorophore, measured by flo
cytometry (B) Representative standard curve generated from one replicate of beads, from which
number of PE molecules per cell can be derived. (C) Quantification of the number of TCRs per
based on taking the intensity of a saturating label of UCHT1 antibody per cell and using this
determine the number of CD& molecules present. UCHT1 antibodies were labelled with ~1 |
molecule per antibody as determined by NanoDrop Il readings. Meath D plotted. Data from
independent repeats using thousands of cells and beads per repeat.
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In addition to labelled antibodies and Fabs, which label the TCR extracellularly fused
SNAROAC 11 OEA # OAOIET OO 1 &# OEA | AEAEI
options. The main advantage of this method is that 1:1 labelling of the TCR cdmpcan be
achieved, and since the labelling reaction is irreversible, there is no significant loss of label
over the time course of experiments, even at 3C.Since most data acquired for this thesis
would be imagingbased, it was important to test the chracteristics of each labelling
method during imaging. Cells were labelled sequentially witlSNAP Cell 6445iRand Alexa
Fluor 488-labelled UCHT1 Fal(see sections2.5.6 and 2.5.7), allowed to settle on 3t
generation agonistpresenting bilayers for 20 minutes at room temperature and then fixed
for immediate imaging on a TIRF miasscope. Images were taken of several cells and line
profiles were constructed at random points across the cell to compare the intensity and
signalto-noise ratio of each labelling method Figure 13). From the images acquired, it
appears that using the SNAHag labelling method does not produce as high a signtal-
noise ratio as with the UCHT1 Fab, probably because of the increased difficulty of washing
unbound intracellular dye (demonstrated by high background in Jurkat cells which are

SNARTag negative).
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Figure 13 Comparison of extracellular and intrace llular staining methods for the 1G4 TCR(A)
Approximately 5 x 105 1G4 and 1G4e cells wereharvested, stained with UCHT1 Fab (left panel) or v
TCR -SNARTag (right panel) before fixation for flow cytometry analysis. (B) Representative examples
1G4 cells labelled in the same manner and placed on &t heneration agonistpresenting SLB for 2!
minutes before fixation. Images were acquired by TIRFM. Matching normalised intensity plots loca
below cell images compare signaio-noise for each method. Malthy cells (selected from the brightfielc
image) forming contacts (shown by dark areas in the IRM channel) were selected for image acquisitic
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3.3.2 Novel Cell Lines Retain Expression of Important Surface and Intracellular

Proteins

To check whether the modifications made on the cell lines had changed other proteins that
were likely to affect T-cell responses in experiments, the cell lines @re stained for proteins
known to affect T-cell signalling and adhesion. These included the coreceptors CD4 and CD8,
the adhesion protein CD2, the phosphatase CD45, and the intracellular signalling proteins
Lck and ZAP70. Since cells would primarily be ineracting with SLBs presenting agonist
pMHC and ICAML (hereafter referred to as ¥t generation SLBs) in imaging experiments,
LFA-1 expression was also analysed. All cell lines had a relatively low expression of CD11a
and CD18 (the two subunits of LFAL) and subsequent imaging confirmed that they did not
readily form immune synapses(see Figure 50, section8.3). Low expression of LFAL, and
subsequent difficulty forming immune synapses, has also been observed by another
group3ss, Since primary T cells make readily observable immune synapses on NFA-
containing SLB&S, lentiviral transduction of CD11a and CD18 (using standard techniques,
see section2.2.2.8 was performed on the cell lines to make them a nme representative
model (Figure 14A andFigure 50). All cell lines were then sorté to ensure matching of LFA

1 expression.For simplicity, cellswith boosted LFA1 expressionwill be referred to as TCR

KO, 1G4/gpl100i or 1G4/gp100e henceforth and LFALle cell lines will be specified if used.

Flow cytometry analysis on these cell lies showed that all proteins tested were expressed
at similar levels to Jurkats, except for CD4, CD8 and L-EAas previously indicated.
Intracellularly, Lck and ZAR70 staining also showed comparable expression to the parental

Jurkat line (Figure 14).
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Figure 14 1G4 and gpl00-TCR expressing cell lines retain comparable expression of key
proteins to Jurkats Approximately 5 x1 cells from each cell line werénarvested and labelled witt
the appropriate antibody, washed and fixed for flow cytometry analysis. Analysis was direct
towards surface and intracellular proteins which are known to affect early cell signalling anc
adhesion. (A) Comparision of expressn of important surface and intracellular proteins on gp10(
TCRexpressing cells with Jurkats. (B) Comparison of expression of important surface ¢
intracellular proteins on 1G4 TCRexpressing cells with Jurkats.

3.3.3 1G4 and gpl100 TCHEXxpressing CellsSignalin Response to OKT3

To test the functionality of the newly transduced TCRs, calcium flux assays were carried out.
Calcium flux from intracellular stores occurs shortly downstream ofTCR triggerings?,
therefore it provides a rapid and easily measurable readout for -Eell responsiveness to

agonist pMHC.

Fresh glass slides were coated with Jug/ml of the anti-CDX antibody OKT3 before
thorough washing in filtered PBS and temperaturequilibration (37°C) in the microscope
incubator (seesection 2.5.3for details). Approximately 1 x 1@ cells were harvested and
labelled with Fluo-4 AM, a calcium idicator. Cells were then washed in prewarmed filtered
PBSwith 2 mM magnesium sulphate(hereafter PBSMgSQ, used to increase ICAM/ LFA-

1 binding affinity) and equilibrated in the microscope incubator before being placed onto
the surfaces (see sectior2.5.5.1for full details). Timelapse images were taken over 10
minutes and videos were subsequently analysed with a custom MATLAB code written by

Jane Humphrey (Klenerman group, described in sectidh6) to obtain metrics such as the
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fraction of cells signalling, the time at whichsignalling occurs, the amplitude of the spike

and the number of spikes per cell.

As expected, TCR KO cells did nsignal at a significant level(<10%). Theaveragefraction

of Jurkatcells signalling was 66%, compared to 68% of gp100cells, 60% of gpl10® cells,
and 71% and 42% of 1G4 and 1G4 cells respectively(Figure 15). This suggests that the
cell lines created for this thesis are capable of signalling through the TCFRhere was no
significant differencebetween any of the TCRexpressing cell lines and Jurkat T cells, except
for the 1G4e cells, whichmay be a result ofheir particularly low TCR expressionseeFigure

12).
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Figure 15 Calcium flux assays for 1G4 and gp100 TCR-expressing cells Approximately 5 x105 cells
from each cell line were harvested and labelled with Flud AM before being washed in PB$1gSQ,
equilibrated to 37°C and placed on OKT-8oated surfaces. Timelapse images were acquired every sec
for 600 frames/10 minutes. (A) Examplecalcium flux traces for individual cells generated by the custo
MATLAB code used to analyse calcium flux assay data (see secfd). Thresholds for each cell a& se
based on their average baseline intensity and the code can distinguish the number of peaks per ce
well as peak amplitude and peak timing relative to the cell landing on a surface. (B) Example of one"
of view containing hundreds of cells laelled with Fluo-4 AM from a calcium assay experiment. Scale |
50 um. (C) Timelapse of representative individual Jurkat cells illustrating the different calcium flt
behaviours observed: single peak, multiple peak or netriggering. (D) Fraction of cellsfrom each cel
line triggering on an OKT3coated surface compared to Jurkats. MeanSD plotted. Data from 3 repea
of ~200-1000 cells per repeat.Statistical analysis was carried out by onavay ANOVAx EQOE  $ (
multiple comparisons, with Jurkat cels used at the control. ** = p < 0.0There was a significant differenc
between the values obtained for Jurkat vs TCR KO celfs £ <0.0001) not shown in the graph. Nor
significant values are not shown.
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3.3.4 1G4 and gpl100 TCHExpressing CellsSignalin Response to Ggnate pMHC

To test calcium flux response to agonist pMHC, SLBs were made (see sectidhsl and
2.5.2) comprising a high concentration (2 ngful) of appropriate agonist pMHC and null
pMHC (8 ngful), which is used to block unbound nickethelating sites created by NNTA
lipids in the SLB and prevent norspecific TCRsignalling and adhesion éee section8.2).
When the SLBs were almost ready to use, cells were labelled as before with FHu&M
(described in section2.5.5.7). Both cells and SLBs were washed in warm PB&SQ and
allowed to equilibrate in the microscope incubator before the correct focal plane was found

and cells added.

In both the 1G4 and gp100Q' cell lines, a strong calcium flux response could be observed
(around 70% for 1G4 TCR and 63% for gp1l00CR when measured on their respectie
agonistpresenting SLBs Figure 16A). In both cases, this was TC8pecific signalling as
neither TCR KO cells nor ZARPO KO cells signalled significantly (S4% and S6%
respectively). The 1G# and gp10Qe cellssignalled on average 26% and 42% respectively.
There were no significant differences insignalling between the 1G4 and gpl00 TCR
expressing cell lines (with similar TCR expression) which is likdy because the
concentration of agonist pMHC was very high on these SLBs and therefore this is an
observation of the maximal response. There was also no significant difference between the
gpl100n and gp10Qe cells, whereas there was for the 1G4 cell linesyuggesting that the very

high affinity gp100 TCRmakes the T cell more sensitive to pMHC.

3.3.5 1G4 and gpl00 TCHExpressing CellsSignalon 1st Generation SLBs

As previously described (sectiorl.14.2) the combination of pMHC and ICAM presented
on a glasssupported lipid bilayer (i.e. Istgeneration SLBs) is used most frequently for early

T-cell signalling studies and provides sufficient Jcell stimulation to induce robust
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signalling, spreading and activatiofs332, Therefore, it is the main SLB type used in this

thesis.

Cells were thenchecked for their ability to signalon agonistpresenting 1st generation SLBs
(Figure 16B). SLBs were made as per sectioR.5.1, and contain a high concentration (2
ng/ ul) of agonist pMHC (to ensure maximal response), null pMHC (8 ndj and ICAM1 (1.2
ng/ ul). 1G4i and 1G4 cells signalled 70% and 44% respectivdy, andsignalling for gp100hi

cells was 66% while for gp10® this was 60%.
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Figure 16 1G4 and gp100 TCRexpressing cells trigger in response to their cognate pMHC  (A)
Approximately 5 x1( cells from each cell line were harvested and labelled with Flué AM before
being washed in PBIMgSQ, equilibrated to 37°C and placed on agonist pMH@resenting SLBs
Timelapse images were acquired every second for 600 frames/10 minutes. Graph shows the frac
of cells triggering on agonist pMHé&presenting SLBs. The agonist pMHC in each case is indic:
above the bars and was added to a final concentiah of 2 ng/ul. (B) Fraction of cells triggering o1
1stgeneration agonistpresenting SLBs. Agonist pMHC was added to a final concentration of 2 ¢
Mean+ SD plotted in both graphs. Data acquired from ~20Q000 cells per repeat, with 3 biologice
repeats per condition. Comparisons were made between T@Rnd TCRAAT 1 1 ET AO «
t-test.** = p < 0.01*= p < 0.05
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3.3.6 1G4 and gpl00 TCHExpressing Cell Lines Formimmune Synapses on 1st

GenerationSLBs

The immune synapse forms after many minutes of stable contact and is induced by TCR
signalling®:388. Therefore, to confirm that signalling pathways downstream of the
transduced TCRs were stil(at least largely) functional, cells were imaged forming stable
contacts on ®t generation agonistpresenting SLBs. Cells were harvested, washed in RBS
MgSQ, and resuspended in the sameA small volume of this cell suspension was added to
washed SLBs and allowed to incubate at room temperature for 10 minutes before the excess
liquid was removed (leaving just enough to prevent the SLBs and cells from drying out) and
replaced with a fixative solution of 4% PFA and 0.25% glutaraldehyde in PBS to capture all
cells at a similar timepoint in immune synapse formation for imaging. Cells were fixed at
room temperature for 30 minutes before being washed three times in PBS and imaged

immediately.

On agonistpresenting SLBs, ICAM. was observed accumulating under all cells, but
especially those expressingd CR where a ring structure of ICAML often formed around a
central pMHC cluster Figure 17). Accumulation of agonist pMHC under the cells was most
readily observed under the TCRcells, although it could occasionally be seen under TER
cells, presumably for cells where TCR expression was relatively high.contrast, no pMHC
accumulation could be observed under TCR KO cells, again confirming the TCR specificities
of each cell line Figure 17). These images indica that key signalling pathways

downstream of the TCR were likely functional.
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gp100® 1G4N 1G4 TCR KO

gp100h

Figure 17 1G4 and gp100 TCR-expressing cell lines accumulate pMHC and ICAM -1 and form
immune synapses on 1st generation agonist -presenting SLBs Approximately 5 x 1 cells of eacl
cell line were harvested, washed in PBBIgSQ, and allowed to interact with Ist generation agonist
presenting SLBs with labelled pMHC and ICA for 10 minutes before fixation. Accumuétion of
pMHC and ICAML can be observed to different degrees underachcell line. SLBs comprised proteir
at the following concentrations: agonist pMHC 0.3 ngil, null pMHC 9.7 ngfil, ICAM1 1.2 ng/pul.
Mereg (zoom) panels are enlarged images of cells higghted in white boxes. Scale bar for zoome
images is 5 pm; otherwise 10 pum.
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3.3.7 Creation ofAnalogue Sensitive ZAP70-Expressing @Il Lines

Selective inhibition of a single protein within the signalling pathway, and subsequent
observation of changes in cébehaviour, is a method widely used in cell signalling studies.

One such protein of interest in Tcell signalling is ZAP70, a kinase recruited very early in

the TCR signalling cascade to phosphorylated ITAMs on the TKZRains!55.160:381, |n 2008,

restA OAEAOO ET ! OOEOO 7AEO0O060 COI OBro, kowneas AAOA A
ZAR70(AS), which is sensitive to inhibition by the small molecule-31B-PP1382 (see section

3.1). Several studies have used T cells expressing the ZARAS) mutant to explore the role

of this protein in T cell functions including contact formation with SLB%3, target cell$84,

and immune synapse formatiof®3, however it has not yet been employed in the context of

early T-cell signalling. Therefore, a variety ZARO(AS)expressing cell lines were created

(summary in Figure 18).

Starting with the TCR KO parental cell line, two CRISPR guides against different exons of
ZAR70 (see section2.2.3 for further information) wer e transduced singly and in
combination using the standard lentiviral transduction technique (sectior2.2.2.8. ZAR70
expression was checked by intracellular stainig after 3 days, which indicated the increased
efficiency of knockdown using both guides in combination Kigure 18B, left panel).
Approximately 1 x 10 of these doublytransduced cells were then subjected to puromycin
selection for a further 3 days, after which ZAFO expression appeared completely lost
according to intracellular staining (Figure 18B, right panel). A Western blot of cell lysates

was then carried out, confirming the absence of ZAPO in these cells Figure 18C).
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Figure 18 Creation of ZAP-70(AS)-expressing cell lines (A) Schematic showing the workflow o
creation of ZAR70(AS)expressing cell lines. (B) Approximately 5 x 190cells were harvested, staine
intracellularly for ZAP-70, washed and fixed for flow cytometry. Panels show staining of ZA® in
TCR KO cells transdeted with each CRISPR guide singly and in combination before puromy
selection (left panel) and with both guides after puromycin selection (right panel). (C) Approximate

1 x 107 cells from each sample were lysed, processed and anlysed by Western blobtiAZAR70
antibodies were used to probe each sample. Jurkats were used as a positive control and the B ce
A20 as a negative control. A band appears in the Jurkat sample at the correct size (70 kDa), whi
absent in both other cell lines, indicaing an effective knockout.

To reconstitute the expression of ZAFF0O with the mutant ZAR70(AS), the parental
TCR/ZAR70 double KO cells were transduced with viral supernatanias previously
described (section 2.2.2.8. The addition of this construct presented an opportunity to
create cell lines where every ZAHO protein was available for labelling. Therefore, a
genetically encodedHaloTag on the C terminus of ZARPO(AS) was used to create a flexible
labelling system suitable for flow cytometry and microscopy. Using a HaloTag allows for
variety of fluorophore usage within the same cell line, and HaloTag dyes are often brighter
and mare bleachingresistant than fluorescent proteins8?.390 making the ZAR70(AS)-Halo

ideal for microscopy experiments. After 4 days, the cells were tested for expression of

chimeric ZAR70(AS)Halo by flow cytometry, which indicated strong and homogeneous
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expression of the construct, as expected for the pHR vector which uses a strong promotor

(Figure 19A).

It had already been established that the endogemnis expression of LFAL in the parental
TCR KO cell line was not high enough to allow substantial ICAMaccumulation and
immune synapse formation Figure 14 and Figure 50). Therefore, this TCR KO ZAPO(AS)
line was transduced with CD11a and CD18 as per the standard lentiviral protocol (section
2.2.2.8 and increased LFAL expression was confirmed by flow cytometryFigure 21). The
resulting cell line is henceforth called DKGAS, as it has no TCR or endogenous ZAP, and

instead expresses ZAHO(AS).

Finally, to create the remaining cell lines with high and low TCR expression, 1Gdnd 1G4
TCR chains were introduced to DK@S cells by the standard lentivial transduction
technique (section2.2.2.8, either in the pHR highexpression or the pHRi lowexpression
vector, and cells were sorted where necessary to achieve a homogeneous population. These
cell lines are henceforth called}AS' and JASe. As with the ZAP70 wildtype cell lines,
quantification of TCR expression was carried out using the Quantibrite kit (BD Biosciences)
(Figure 19B and C).-AS' cellswere found to express an average of ~8,000 TCRs per cell,
whereas for the JASe cell line this was ~1,500 TCRs per cell. The DKBS cell line had

staining comparable to the isotype control i(e.,negligible/no TCRs).
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Figure 19 Characterisation of ZAP-70(AS)-expressing cell lines Approximately 5 x 1 cellswere
harvested, stained with either antiZAR70 oranti-# $ o R A1 OEAT AEAO 1 0 A
fixed for flow cytometry analysis. (A) Staining of ZAFFO(AS) via intracellular antibody staining
against ZAR70 (right panel) and via HaloTag (left panel) in ZAFO(AS) cell lines. (B) Staining ¢
TCR on ZAP70(AS) cell lines by UCHT1 antibody for TCR quantification. (C) Quantification of 1
expression on ZAP70(AS)expressing cell lines using Quantibrite kit analysis. 4 matched repet
were conducted for each condition with thousands of cells and beads per repeat.

Since the ZAP70 expressed by these cell lines is readilybservable by imaging, each cell
line (DKG-AS, JAS and JAS) was stained with the HaloTag ligand Janelia Fluor 549 (see
section2.5.6) and allowed to settle on # generation agonistpresenting SLBs for 5 minutes
at room temperature before being fixed. Images clearly show the presence of ZA@
microclusters in JASi and JASe cells, but not DKGAS, which is expected since they have no
TCR for the ZAF70 to bind (Figure 20). These images, along witkignalling data, indicate
that ZAR70(AS)-Halo is likely recruited to the TCR in a similar fashion to ZAPO wildtype

cells and functions in a comparable way in TCR signalling.
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DKO-AS J-ASh J-ASP

Figure 20 ZAP-70(AS) can be labelled via HaloTag and used to visualise ZAP-70 recruitment
Approximately 5 x 1 cells were harvested and labelled with the HaloTag ligand Janelia Fluor £
washed in PBEVIgSQ, allowed to settle on * generation agonistpresenting bilayers and fixed afte
5 minutes. Brightfield images confirm TCR signalling through cell spreading fakASi and JASe, but
not DKGAS cells. In the bottom row, bright puncta, formed by ZAPO microclusters, can be readil
observed on TCRexpressing cells but not on DKEAS cells with no TCR. Exangs of individual
microclusters indicated by white arrowheads. Scale bar 5 pm. Brightness and contrast of ima
adjusted for illustrative purposes.
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3.3.8 ZAR70(AS) Cell Lines Retain Expression of Important Surface and

Intracellular Proteins

As with the ZAR70 wildtype cell lines, a validation panel was carried out using flow
cytometry to ensure matching expression of key surface and intracellular proteind=igure
21), which were comparable to the parental Jurkat line (except for CD4/CD8 and
CD11a/CD18). This analysis indeed showed that the ZAR(AS) cell lines still expressed
CDS8 but not CD4, and had comparable levels of CD4ED2,and Lck to Jurkat cells, with

relatively high LFA-1 due to the lentiviral boost.
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Figure 21 ZAP-70(AS)-expressing cells express important proteins at a comparable level to
Jurkats Approximately 5 x 105cells were harvested, stained with the relevant antibody and fixed fi
analysis by flow cytometry. Analysis was direted towards the surface and intracellular protein:
which are known to affect early Fcell signalling and adhesion. No substantial differences were fou
between the ZAR70(AS) cell lines and Jurkat cells except for CD4/CD8 and L-EAas expected.

3.3.9 ZART70(AS) Cell LinesSignalin Response toCognate pMHC

The ZAR70(AS) mutant was designed to retain wildtype function when the small molecule
inhibitor 3 -MB-PP1 is notpresent, as shown by previous studies3.382385, Nevertheless, it is
important to check functionality in these cell lines aghey were created using different
methodsto those used in previous studiesAs with the ZAR70 wildtype cell lines, several

functional tests were carried out to check the functionality of the TCR and ZA®(AS).

Firstly, ZAR70(AS) cell lines were placed onto agonigpbresenting 1st generation SLBs and
their calcium flux response was measuredRigure 22). JASiand JASe cell lines showed no
statistically significant difference in the fraction of cellssignalling when compared to 1G4

and 1G4 respectively. The average fractin of cellssignalling was 66% vs 70% for JAS
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and 1G4 cells respectively, and 19% vs 44% averagsignalling for JAS°e and 1G4e,
although the standard deviations for the TCRcell lines were higherz 11.3% and 11.2% for

JASe and 1G4 compared to 9.9% and 5.0% for-ASi and 1G4irespectively.
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Figure 22 ZAP-70(AS) and ZAP-70 wildtype cell lines trigger comparably on 1st generation
agonist-presenting SLBs Approximately 5 x 1 cells of each cell line were harvested and laied
with Fluo-4 AM before washing and placing odst generation agonistpresenting SLBs. The fractio
of cells triggering between ZAP70(AS) and ZAP70 wildtype cell lines of comparable TCR expressit
x AO AT Al UOA A-tedt &hd BoQignAidant @férénce®were found. Mean + SD plotted. ~26
1000 cells analysed per repeat over 3 repeats.

3.3.10 ZAR70(AS) Celld=orm Immune Synapses on 1st GenerationSLBs

Cells were alsdested for the formation of immune synapses and accumulation of pMHC and
ICAM-1 on SLBsFigure 23). Samples were left to settle onslgeneration agonistpresenting
SLBs with labelled pMHC and ICAM. for 10 minutes at room temperature andfixed prior

to imaging (same preparation as in sectio3.3.6). Similarly to 1G4 cells, JAS cells readily
accumulate pMHC and ICAM under activating conditions, whereasJASe cells do not
generally show significant pMHC accumulation. However, they show clear spreadiagd
accumulation of ICAML1, indicating productive signalling through the TCRDKOAS cells
show negligible pMHC accumulation on bilayers, and some visible ICAIMaccumulation,
which is not unexpected since the cells are imaged in a buffer containing magnesium ions,
which are known to stabilise a conformation of LFAL that is more permissive to ICAM1

binding (see sectionl.4.2).
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Figure 23 ZAP-70(AS)-expressing cell lines accumulate pMHC and ICAM-1 and form immune
synapses on 1st generation agonist pMHC -presenting SLBs Approximately 5 x 1 cells were
harvested, washed in PBSMgSQ and left to settle on ¥t generation agonistpresenting SLBs witt
labelled pMHC ad ICAM1 for 10 minutes before imaging to demonstrate immune synap:
formation. IRM footprints of cells illustrate spreading caused by TCR signalling which is absen
DKQOAS cellsSLBs comprised proteins at the following concentrations: agonist pMHC30g/pl, null
pMHC 9.7 ngful, ICAM1 1.2 ng/ul. Scale bar 10 pm.

3.3.11 Effect of ZAR70(AS Inhibition by 3-MB-PP1

After confirming that the functionality of ZAR70(AS)Halo is comparable to wildtype ZAP
70 by various methods, and that the HaloTagrovides a suitable labelling method, the next
step was to confirm the ability of the small molecule inhibitor aVIB-PP1 to ablate its kinase

activity.

Firstly, calcium flux assays were carried out onslgeneration agonistpresenting SLBs,
where after Fluo-4 AM labelling, aliquots of -AS cells were either washed and resuspended
in various concentrations of 3MB-PP1 in PBSMgSQ or the maximum equivalent volume
of DMSO as a contrdFigure 24). Previous studies use concentrations between 2|V and
10 uM 3-MB-PP 1223382385 g0 this range was selected for testing. A dosiependent effect on

the fraction of cellssignalling could be observed Figure 24B), with virtually no signalling
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(average 2.7%) at a concentration of 1QuM of 3-MB-PP1.In contrast, ZAR70 wildtype-
expressing cells were not affected by 1M 3-MB-PP1 (average of 64% control vs 60%

treated), indicating the effect is specific to ZAHFO(AS).

Inhibition of ZAP-70(AS) with 3-MB-PP1 was confirmed withJASe and DKOAS cell ines
(Figure 24C). LikeJAS, JASe cells had an almost complete ablation afignalling (average
2.5%) on 1st generation bilayers, although this didnot reach statistical significance, likely

due to the large spread of data (SD 11.3%) forABe cells under control conditions.

Treatment with 3-MB-PP1 also has effects on the qualitative nature of calcium flux. As the
concentration of the drug was incrased, the number of calcium spikes per cell decreased
(Figure 24D). This effect became significant at 5 and J0M where 19.2% cells had more
than one catium spike at 5uM, decreasing to 7.2% at 1QuM. Whilst not statistically
significant due to high variability (and lower power from a smaller sample size of cells
signalling with increasing 3-MB-PP1), there was also a trend towards smaller amplitudes of
cacium spikes, decreasing from 8.1 x baseline intensity for control cells to 4.3 x baseline
intensity with 10 uM 3-MB-PP1 igure 24E), and longer mediansignalling times (DMSO
treated: 77 seconds, 1(uM 3-MB-PPL1 treated: 202 seconds) with increasing concentrations

of 3-MB-PP1 Figure 24F).
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Figure 24 3-MB-PP1 abolishes TCR signalling in ZAP-70(AS)-expressing cells (A)
Representative image of a field of view of cells labelled with Fleé AM on ¥t generation agonist
presenting SLBs under control conditions (left) or after washing in PB§1gSQ containing 10 pM 3
MB-PP1 (right). (B) Normalised fraction of cells triggering on £ generation agonistpresenting SLB
with increasing concentrations of 3MB-PP1. Analysed with an RM oneay ANOVA with DMSO
the control condition. No significant diference in triggering occurred in ZAP70 wildtype cells
AAOGAOI ET AA Atest. € ZBBAASD éells with different TCR expression were treate
with DMSO or 10uM 3-MB-PP1 and placed onto generation agonistpresenting SLBs. A significal
decrease in signalling was observed withJASi cells, but not JAS° or DKOAS under thes
AiTAEOGET T O8 %AAE Ai1 AEOEIT x At ©)TheGdnk expdhiter
as (B), with the spike frequency plotted for each condition. (E) Asrage calcium spike size for cel
used in (B) Dashed line indicates the threshold for cells to be considered triggered. (F) Median t
to triggering for cells used in (B). Statistical analysis in (E) and (F) conducted using ordinary o
way ANOVA with DMBO as the control group. Mean = SD plotted in all graphs. ~20000 cells
analysed per repeat** = p < 0.001* = p < 0.01*= p < 0.05 Nonsignificant comparisons not showr
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3.3.12 ZAR70(AS) Cells Activate on ProteirCoated Surfaces and APCs

Finally, to further confirm that the downstream signalling pathways were intact, and
compare functional responses to naturallypresented antigen, the ZAFF0(AS) and ZAP70
wildtype cells were subjected to activation assays on activating surfaces and AREgjure
25). Activation protocols are describedn detail in section3.2.7and 3.2.8 but in brief, 96
well plates were coated with either OKT3 antibody, or £2 OS APCs which we pulsed with

9V peptide. Cells were allowed to interact with these surfaces/cells in the presence of 10
pM 3-MB-PP1, 10 pM PP2, or matched volume of DMSO, for 18 hours before collection and
staining with antibodies against CDg, CD8, CD25and CD69 in sparate 96-well plates.
Cells were gated on live singlets expressing CD8 and expression levels for each protein were

normalised to an unstimulated control condition.

Overall, results between ZAFT0(AS) and ZAP70 wildtype cell lines were similar. All cell
lines expressing TCR showed marked downregulation of the TCR as the concentration of
OKT3 increased an average reduction of 92% for-AS and 63% for JASe, while 1G4 and
1G4e were reduced by 88% and 37% respectivelyTCR downregulationwas unaffected by
the presence of signainhibiting drugs 3-MB-PP1 and PP2, corroborating another study
which suggests this process may begulated by pathways separate to those inducing-cell
activation39! (Figure 25A, left panels) This effect however was generally less pronounced
on U-2 OS APCdHjgure 25B, left panels), with}ASi and JASc decreasing expression b$9%
and 42% respectively, 1G4i by 78%, and1G4e by 33%. When signalling was inhibited, TCR
expression only decreased by 14% fodASi, 19% for JASe, 43% for 1G4 and 14% for
1G4e. TCR negative cellsi.e., TCR KO or DKES) maintained a negligible level of TCR

expression across all conditions.

Cell lines with low TCR expression had little to no increase in activation markers on OKT3
coated surfaceg the highestaverage fraction of CD25%ASe cells was 1.2% and 1.7% for

1G4, and for CD69 this was 3.1% and 2.9%-(gure 25A, middle and right panels). However,
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they did demonstrate some ability to activate when incubated with peptidgulsed U2 OS
cells (Figure 25B, middle and right panels)JASe cells had a ©25 positive fraction of up to
7.4% and CD69 positive up to 28% whildG4e cells were up to 8.3% CD25 positive and
22.1% CD69 positive. Inhibiting TCR signalling reduced both activation markers to

negligible values, although the inhibiting effect was smkdr at higher levels of stimulus.

Cells with physiological TCR expression unsurprisingly showed more pronounced
activation. On OKT3, the CD25 positive fraction dfASi reached up to 12% and 21% for
1G4 cells, and the CD69 positive fractions were 35% and 44% respectiveliFigure 25A,
middle and right panels). Once again on APCs, these fractions werer@ased Figure 25B,
middle and right panels). The maximum fraction of CD25 positive cells was 23% fdAS

and 45% for 1G4 while the CD69 positive faction was 59% for JAS' and 58% for 1G4,
Cells incubated with 3MB-PP1 had negligible activation on either surface, but PP2 only had
a large effect on activation of ZARO wildtype cells on OKT3. On {2 OS cells, CD25 and
CD69positive fractions of 1G4hi and 1G4e cells were reduced but not to a comparable level

to TCR KO cells. Since PP2 is known to inhibit TCR signalling, it is most likely that its effect

did not last over time under such strong signalling conditions.

TCR negative cells did not shoany significant increase in the activation markers CD25 and
CD69 &2%) under any activating conditions, as expectedrjgure 25A and B, middle and

right panels).
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Figure 25 Comparison of activation markers between ZAP-70(AS) and ZAP-70 wildtype cells
(A) Cells were prepared in complete medium with either 10 pM -MB-PP1, 10 uM PP2, or matchi
volume of DMSO and incubated with increasing concentrations of OKT3 for 18 hours before stain
washing, fixing and analysis of TCR, CD25 and CD69 expression bw faytometry. The top panel:
indicate ZAR70(AS) cell lines, and the bottom panels are ZAR) wild-type cells. Conditions are th
same in (B) but with U2 OS APCs pulsed with increasing concentrations of 9V peptide. All values
normalised to an unstimulaed control condition and dashed lines indicate signallingnhibited cells.
Meant3$ DI T OOAA ET 4delshanalgsedpér Edddition. Erch@ongemntration of OKT3/¢
was prepared in triplicate. 3 repeats of the entire experiment were carried du
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3.4 Discussion

In this chapter, several cell lines were created with differenT CRaffinities and expression
levels to assess the requirements for TCR density, affinity and signalling capacity on early
T-cell contact formation, activation and microcluster formationUsing the wellestablished
Jurkat T cell line as a starting pointgp100 or 1G4TCRexpressingCD4 CD8+T cells with
either a physiological {.e., OE E C E 8 qQTCR €xpreksio level were created using

CRISPR/Cas9 gene editing and lentiviral transduction

Additional cell lines were created with endogenougAR70 replaced byZAR70(AS)Halo,
which can be used to uncouple TCR binding from signalling and labelled in live cells for
imaging.ZAR-70 was chosen as a target molecule because it exists proximally to the TCR in
the signalling cascade, is responsible for phosphorylatingey molecules including LAT, and
has previously been implicated in actin architecture and integrin signallin§4392, two key

aspects which could affect contact formation and morphology of T cells.

These cell lines all produced a robust early responge TCR stimulation and comparable
expression of key surface and intracellular proteins to Jurkats, suggesting no gross

signalling abnormalities were introduced by genetic manipulation.

3.4.1 1G4 and gpl1l00 TCHExpressing Cell Lines as Model-Telk

Whilst the Jukat T cell, and model cell lines in general, are largely accepted as faithful
models of primary T cells, their limitations must be acknowledgedlurkats have an unusual
karyotype, and several proteins involved in Tcell signalling, such as PTEN, SHIP, G4
and SYK, are not expressed in Jurk&fs Furthermore, LFAL in Jurkats is known to be
relatively low386, and although this proteinis not known to affect the signalling mechanism
of the TCR, it can modulate -Tell sensitivity by anchoring the T c# to the SLB or

AP(0:331,350,386 Boosting CD11a and CD18 on the cell lines, therefore, made their interaction
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with ICAM-1 on SLBs more representative of primary cellssee sectior8.3), a phenomenon
which has been noted by other group¥6. Additionally, since Jurkat cells are of the CD4
lineage, but pMHCs used in this thesis were MHC classestricted, the cell lines were
modified to express CD8 and not CD4uRctional data from this chapter suggests that the
cell lines derived from Jurkats are still fitfor-purpose and that the proteirs most likely to
affect T-cell signalling are present at suitable expression levels. Additionallgells were
regularly tested for these markers to prevent phenotypic drift between experiments.

However, the functionality of CD8 was not directly tested here

CRISPR/Cas9 was used during the construction of all cell lines to create efficient and

PDAOI ATAT O ETTAEI OO 1T £ POIT OAET O-700Be8dd orAtie 4 #2 ) h
analysis by flow cytometry and Western blot, protein knockdowns were stable and effegé.

Often, studies using CRISPR/Cas9 for knocking out protein expression use Sincgd

methods to generate clones which are then sequenced and grown for further use. Instead,

here a bulk approach was used. This is much more efficient than generating aésnand is

advantageous because any effirget mutations are less likely to become dominant within

OEA AOIE AAI1 bDPIibpOl ACEI T8 4A0O0ET C T &£ OEA AAII
significant changes in behaviour, but without full genetic sequencing is impossible to

know whether undesirable mutations were introduced to the cell lines.

3.4.2 ZART70(AS) As a Tool to Regulate TCR Signalling

ZART70(AS)expressing cells have been used in several studies to controicéll signalling.
Cell lines created here wre tested to ensure similarity to ZAP70 wildtype cells in both early
and later stages of signalling and were generally comparable, as expected, since the-ZAP
70(AS) construct is known to function as effectively as wildtype ZARO in cells when 3MB-
PP1 5 not present223382385_ Furthermore, the addition of a conjugated HaloTag means that

most ZAR70 in the cell can be labelled, facilitating quantitative studies.
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By using an inducible model such as ZAPO(AS), rather than creating a knockout celine,
the cells can serve as their own controls in experiments, thus avoiding any discrepancies in
cell growth or signalling that may occur by generating and culturing two genetically
different cell lines. However, the replacement of endogenous ZA® with a modified
version requires more extensive genetic editing than a simple knockout cell line or a ZAP
70-deficient line such as the Jurkat derivative P116!. As with any genetic modification, this
runs the risk of disturbing the genome in an unpredictale manner, and although reasonable
checks were undertaken to ensure no relevant changes occurred in these cells, the
possibility of aberrant genetic modifications remains. Additionally, the expression of ZAP
70(AS)Halo in the cell lines is noticeably higar than endogenous ZAF0 expression in
Jurkats (igure 19). Since sorting these cells for ZARO in comparison to Jurkats is not
possible, they were instead sorted fosimilar expression between cell lines, since this is

how comparisons will be made in experiments.

The use of 3MB-PP1, as with any small molecule inhibitor, has some drawbacks. It is
possible that some ZAFP70(AS) molecules evade the drug within a cell,igen that a very
small fraction of cells sometimesignalafter treatment with 3-MB-PP1. However, these cells
can easily be excluded from most analyses or considered separately. OveralMB-PP1
appears to work rapidly with negligible offtarget effects and suppress ZAP70 kinase

activity for up to 18 hours, as demonstrated here and in another studsp.

3.4.3 SLBs as a Model of Antigen Presenting Cells

SLBs decorated with proteins have been established as a mainstay of investigatingell
biology. They preseat a highly customisable system, with fineljtuneable protein densities
and free lateral diffusiorg32:3%4, and have been shown to be sufficient for-@ell signalling and

activation96.332,
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However, there are two main criticisms of this system. The fitsis that it is currently
impossible to fully recapitulate the protein complexity of a real APC in this model, meaning
that subtle differences, for example in Icell adhesion and scanning, might be lost. The
majority of experiments carried out in this theds are focused on the differences in-tell
behaviour with and without TCR signalling or with different TCR densities, and since pMHC
alone is sufficient to cause early Tell signalling (Figure 16), and pMHC with ICAML (i.e. Xt
generation SLBs) is sufficient for immune synapse formatiorF{gure 17), it is likely that

the results found here are representative of what might occun vivo.

Secondly, by having glass as the underlying substrate of SLBs, T cells interact with a surface
far harder than anything they would encounter in the body. Thestimated stiffness of glass

is 107-108 times that of APC#7 and T cells are known to change their behaviour depeim

on substrate stiffnes33® which presents a potential problem for glassSLBs. However, a
recent study using wlydimethylsiloxane-SLBswith variable stiffnesses determined that F

cell signalling (measured by calcium flux), along with accumulation and exclusion of CD2
and CD45, respectively, appear to be largely unaffected by the underlying substi@te
sugeesting that the SLBs used inhis thesis are suitable models to study early signalling

events.
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4 The Relationship between Early TCell Contacts and TCR

Signalling

4.1 Introduction

T cells must scan and respond to antigen rapidly to mount an effective immune response. In

line with this, studies have indicated that T cells spend only few minutesscanning APCs in
Vivo395.3% jllustrating the significance of early Fcell contacts wih an APCA seminal study

by Chang et al3s demonstrated the importance of FAAT 1 OA 1 Tz @tich dé dre@A A OO 6
of T celltarget cell membrane apposition of less than about 15 nmg in initiating TCR

signalling, suggesting an important role fortopography in early contacts and TCR signal

initiation.

Recently, studies have turned to the potential role of microvilli specifically and have shown
that T cells are covered in hundreds of these dynamic membrane protrusions which
cumulatively scan almost tle entire cell surface in just 1 minuté23. A recentmodelling-
based study suggested that the size of close contacts must be carefully regulated to maintain
TCR discrimination, and the optimal radius for these contactg about 200 nm z is
comparable with the size of microvillit®s. Furthermore, there is evidence thammicrovilli are
enriched in proteins important for TCR signalling such as CD4, Lck, and the TCR it8&1$4,

adding weight to the argument for their role in signal initiation.

T-cell microvilli have been measured between 7600 nm in diameter and 100 to several
hundred nm in lengtht93.194 making them challenging to image in a dynamic cedkll context,
but readily observable on twodimensional surfaces, such as SH#bund quantum dots,
using diffraction-limited microscopy223. 1st generation SLBs are generally not suitable for
imaging microvilli and cell topography as they lack proteins which can either be excluded

or bound at close contacts, and IRM does not usually provide adequate skgion to image
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single contacts. Because of this, the role and regulation of celpography in initial contact

formation is still largely unexplored.

One question that arises from the newound importance of T-cell topography in contact
formation is whether TCRbased signalling may be involved, and studies so far are divided.
Cai and colleague®3 showed that blocking Fcell signalling using the ZAP70(AS) system
(see section3.3.7) in transgenic murine cells did not seem to affect the scanning nature of
microvilli in mouse T cells, however in another stud$#4, which also used murine ZAR
70(AS)expressing cells, the authors noted that while T cells adhered to target cells
regardless of ZAP70 activity, T cell target cell conjugatesdid not progress to the famation

of characteristic CTL secretory clefts and instead showed longlived close contacts

dominated by T-cell membrane protrusions into the target cell

Further to this, there is room to explore the role of TCR triggering, especially involving ZAP
70, during the time of significant morphological change induced after antigen is found on an
APC. During this process, the T cell rapidly changes shape, polarising towards the area of
membrane where the TCR is engaged and spreads over the surface of the APéhbance
further scanning3®?’. This is controlled by a complex network of signalling mechanisms
which modulate the cytoskeleton and is the subject of much study. Previous studies have
provided evidence for ZAP70 having a role in cytoskeletal modulation a well as signal
propagationss3.3s4, therefore making use of the ZAPPO(AS) and SLB systems here could

provide insights as to the role of TCR signalling in the regulation of this process.

Given the potential importance of microvilli in T-cell activation,and the lack of consistent
results thus far, further study is needed to identify factors that control the functions of -T
cell microvilli and the transition of the T cell from antigen scanning to spreading on the APC
surface. Given the technical difficultyof imaging small and dynamic contacts in a cetlell
setting, SLBs present a good model system for directly observing early contacts. For this

purpose, complex SLBs containing the glycocalyx proteins CD43 and CD45 (which are
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excluded by TFcell close contats) and the small adhesion protein CD58 (which binds CD2
at close contacts), in addition to pMHC and ICAlM were created (see also sectiol.5.2).

These SLBs are hesafter referred to as 2d generation SLBs.

Using 2 generation SLBs, small structures such ascell close contacts, presumably made
by microvilli, can be readily observed using TIRFM. The three ZA®(AS) cell lines provide

a way to test the potential rde of TCR triggering on the formation of these early contacts in
two ways: firstly, by presenting different densities of TCRs available for antigen binding;
and secondly by controlling the ability of the TCR to signal productively. Therefore, this
chapter will focus on the characterisation of TFcell microvilli, the transition between

scanning and spreading on both st and 2d generation SLB surfaces, and how this is

modulated by TCR signalling and expression.
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4.2 Materials andMethods

4.2.1 Confocal ZStacklmaging

Sterile p-Slide 8well glass chambers|pidi) were prepared with a PLL coatingas previously
described (section 2.5.3). 1 x 108 cells were centrifuged at2000 rpm for 90 seconds in a
MiniSpin (Eppendorf) and resuspended in PBS containing the appropriate dilution of
relevant Fab or antibody(# $ az Rab-Halo made irhouse cloneUCHT1CD62Lz BioLegend
antibody clone DRE&6, CD2z Biolegend antibody clone RPA2.10, CD11az BioLegend
antibody clone HI111). Samples were left covered on ice for one hour before centrifuging as
before and washing twice in 500ul PBS containing either 10 uM 3B-PP1 or equivalent
volume of DMSO. Labelled cells were fixed in 200 pl o¥APFA with 0.25% glutaraldehyde
(Sigma Aldrich) in PBS (plus DMSO or-BB-PP1), covered, at room temperature for 30
minutes. 22 ul of a 10X solution of Cell Mask (final concentration 0.5 pg/ml, Thermo Fisher)
was added for the final 15 minutes. Cells wernally centrifuged and resuspended in 100

ul PBS before adding to Pl-toated slides. Samples were imaged immediately.

Images were acquired on a Zeiss 880 LSM inverted confocal microscope. Cells were selected
for acquisition using the Cell Mask channel téind non-apoptotic cells. The first and last Z
stack positions were selected to cover the entirety of the cell body. Laser powers were
adjusted to avoid bleaching the sample over the acquisition time. Eachsice was taken

with the smallest spacing posdile and high averaging 8x).

To determine relative localisation of cell surface proteins, composite-grojections of Cell
Mask membrane dye and relevant labeli.e.,antibody or Fab against protein of interest)
were created in Fiji from 2-4 slices of the cell midplane, in order to include as much signal
as possible from each microvillus, given that they could be captured in multiple focal planes.
Freehand line profiles were created for several microvilli between 106600 nm in length
per cell, using only the Cell Mask channel to blind results. The intensity profiles for each
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channel, as well as distance, were mimax normalised to ensure reproducibility across

different microvilli. The average intensity values for each channel were calculated for each

1507 £ OEA [ EAOT OE11 06h AT A OEA O1 AAAT &8 ET OAT OEO
gave an average value of correlation between the label and cell membrane éach 1/5t of

the microvillus. Values across different microvilli and cells were pooled and analysed.

4.2.2 2nd Generation SLBBound Protein Production

Other Histagged proteins such as ICAM, CD45RABC, CD58, and CD43 were purifiasl
previously described with FPLC and Coomassie staining analysis to determine monomeric
protein fractions for future use (section2.3.6and 2.3.7). Proteins were diluted and stored

in PBS at80°C after snap freezing in a dry ice and isopropanol mixture.

4.2.3 Initial Adhesion to SLBs

Cells were labelled angrocessed as previously describe@section 2.5.5.1) for calcium flux
experiments with DMSO or 3VIB-PP1 treatment and placed onto prepared, equilibrated
and washed agonist & or 2nd generation SLBsTimelapse images were acquired as with

calcium flux experiments and analysed using the same custom MATLAB code.

Tables were constructed using the data provided for time to adherence per cell, with cells
still not adhered after the length of the video give a value of 700 seconds (total length of
the video was 600 seconds). Using these values, the fraction of adherence during the video
could be calculated, as well as thamedian time to adhereand frequency distribution charts

for each cell line and conditim. Cells landing on the SLBs later in the vide&300 seconds
before the end of acquisition) were automatically excluded to avoid being counted as non

adherent.
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4.2.4 Protein accumulation on SLBg Imaging and Analysis

1st or 2nd generation agonistpresenting SLBs were created with labelled pMHC and ICAM
1. Approximately 5 x 10 cells were centrifuged at2000 rpm for 90 seconds in a MiniSpin
(Eppendorf) and washed twice in 500 pl prewarmed 0.22 pmfiltered PBSMgSQ and 10

UM 3-MB-PP1 or matched volume of DMSO. Cells were finally resuspended in 50 pl of the
same solution, placed onto washed SLBs and left to interact with the bilayer for 10 minutes
at room temperature. Excess liquid was then removed from the wells and 15 pl of 49%R
with 0.25% glutaraldehyde was added. Samples were fixed for 30 minutes at room
temperature before washing with PBS and immediate imaging of the SLB proteins and IRM

footprints. Images were acquired on a Zeiss 880 LSM inverted confocal microscope.

Imageswere analysed using Fiji. Areas under the cells were defined by manual thresholding
based on the IRM channel intensity and masks were created for numerous individual cells,
which were used to determine the maximum and average intensity in the area usitge
analyse particles tool. The average background intensity of each SLB protein was
determined by selecting 5 areas spread across the field of view where no cells were present,
to mitigate for small variations in illumination. These areas were as large gsossible to
ensure best possible averaging of results. The average intensity across these areas was
determined and this was used as a baseline for calculating the relative enrichment of SLB
proteins under each cell by dividing the average intensity underhie cell to the average

background intensity.

4.2.5 Confocal IRMbased Cell Area Imaging and Analysis

)T OAOEAOAT AA OA &I AAOGETT 1 EAOT OAT PU xAQe,AAOOEAA
the area of close contact between the cell and surface). Apgimately 5 x 1% cells were
centrifuged at 2000 rpm for 90 seconds in a MiniSpinEppendorf) andlabelled with UCHT1

Fab-488 (final concentration 20 pg/ml) at 37°C for 10 minutes in complete RPMI media
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(total volume 200 pl). Cells were then centrifuged alsefore and washed twice in 500 pl pre
warmed 0.22 umfiltered PBSMgSQ and 10 uM 3-MB-PP1 or matched volume of DMSO.
Cells were finally resuspended in 50 pl of the same solution and placed ont® deneration
agonistpresenting SLBs after 3 minutes equitiration in the microscope incubator. Images
were acquired on a Zeiss 880 LSM inverted confocal microscope. Images were taken every

10 seconds for 65 frames (~11 minutes), with definite autofocus applied every frame.

The IRM channel was opened in Fiji andhtesholded manually. Cells with uneven

illumination ( e.g.,the sides of the field of view), focus fluctuations affecting IRM, or those

positioned on the edge of the field of view were discarded, as well as those reaching their

maximum area at the final frane (to only include cells which were certain to have reached

OEAEO 1 AgEI O6i OEUAQ8 4EA OAT AT UOGA PAOOEAI AGs O
O& 1 OPOET 08 &I O AAAE EOAI Ah xEEAE xAO OEAT OOAA

speed of sprading over time.

4.2.6 Microvillar Contact Imaging

Approximately 5 x 1 cells were centrifugedat 2000 rpm for 90 seconds in a MiniSpin
(Eppendorf) and labelled with 1l Fluo-4 AM (Thermo Fisher; stock prepared at 50Qg/mi

in DMSO)and Cell Mask647 (Thermo Fisher, final concentration 0.5 pg/ml) at 37°C for 10
minutes in complete RPMI media (total volume 200 pl). Cells were then centrifuged as
before and washed twice in 500 pl prevarmed 0.22 umtfiltered PBSMgSQand 10 UM 3-
MB-PP1 or matched volumeof DMSO. Cells were finally resuspended in 50 pl of the same
solution and placed onto 2d generation agonistpresenting SLBs with CD43 and CD45
labelled with Alexa Fluor555 after 3 minutes equilibration in the microscope incubator.
Images were acquired ging a custombuilt TIRF microscope (Klenerman group). Images
were taken with 100 ms exposureevery 2 seconds for 15 minutes, with perfect autofocus

applied. Laser powers used were optimised for good signal to noise and to avoid bleaching.

[157]



Caitlin O'Brien-Ball Trinity Term 2022

4.2.7 Close Contacfnalysis

Quantitative image analysis was performed with custom software (written by Markus
Korbel, Klenerman group)run on Pythors?8 with Numpys32®, Matplotlib4%0, Pandas°!, Scikit

imaget02, Scipy3).

Three-colour timelapse images were acquiretby TIRFM for T cell SLB contact analysis. The
channel corresponding to the cell membrane dye was used to segment each cell using the
Watershed algorithm and the 488 channel was used to identify the calcium flux within each
cell. Preanalysis image processig included Difference of Gaussian filtering, binary mark
generation by global threshold, small object removal and hole filling. T cells interacting with
the bilayer show minimal (X, y) position variation over time therefore leading to
overlapping masks intime. A larger Difference of Gaussian filter was used in the final frame
to define cell positions defined by local maxima and separated by at least the cell radius.
These were then used as seeds for Watershed segmentation. Disconnected regions were
assigned to the most proximally labelled region not further than twice the cell radius. To
analyse close contacts, TIRFM images were divided by the ffald, which was obtained by
summing and normalising a separate image stack of the SLB before cells were edidA
rolling ball filter was applied in the time dimension followed by a Gaussian filter in x & y on
this image stack. The Laplacian of the filtered image was calculated using the Sobel operator
for partial derivatives. The images were then binarized usig hysteresis thresholding. The
two thresholds were defined asdt ‘Q ({®:¢ ot QA1 Q¢ o) with Q= 2, 4 and®: » alh pixel
intensities of the calculated Laplacian outside of contact zones. Close contacts bigger than a
minimum size were labelled. Cells reaching their maximum size or maximum number of
Close contacts at the last frame of the timelapse were excludedrinasome analyses (max CC
size, ma CZ size and max number of CCs) to avoid including cells which had appeared late

in the timelapse and were likely still in the process of spreading.
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Additionally, the calcium response was measured for each cell. This wasotdated by taking
the mean fluorescence intensity at a circle centred at the centroid of a close contact. If a
contact zone was missing at a timepoint, it was linearly interpolated from the next
neighbouring centroids for that cell. Calcium traces for ediccell were used to determine
time to calcium signalling and cell adhesion. Features for contact zones and close contacts
are determined by pixel intensity values. Cells that did not flux calcium were excluded from

the control DMSO condition and vice versander 3-MB-PP1 treatment.
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4.3 Results

Cell morphology, protein localisation and contact formation with SLBs were analysed to

determine if, and how, TCR signalling and expression may affect these interactions.

4.3.1 Cell Morphology is not Affected by TCR or ZAR) at Rest

Since ZAP70 is known to regulate Fcell morphology3s3.384, cells were initially observed in
a resting state to see whether the morphology of ZA70(AS) cells is as expected and if TCR or

ZAR70 signalling affects cell shape before it encounterseSLB.

3D projections of JAS, JASe and DKQAS cells were made by washing cells in PB&SQ
and either 10uM 3-MB-PP1 or equivalent volume of DMSO, then fixing for 30 minutes in a
solution containing Cell Mask membrane dye before placing onto washelg-L-lysine
coated slides to prevent movement during imaging. After setting the first and laststack
locations (i.e.,the top and bottom of the cell) on a randomichosen cell20-40 image slices
were acquired with minimal gaps between slices and high averaging across the entire size
of the cell. These were then processed in Fiji to obtain reconstructedojections of an

entire cell.

Microvilli were readily observed on the surface all T-cell lines, as well as other features
in the membrane such as membrane ruffles which are typical of resting T céh&223, Three
representative cells for each condition are shown ifrigure 26. A semiquantitative analysis
confirmed that there was nosubstantial difference in the size or morphology of cells treated

with 3-MB-PP1 orDMSO

[160]



Caitlin O'Brien-Ball Trinity Term 2022

A DK@S

+3-MBP P 1

B Mixed
1 Ruffles
m MV

Fraction of each morphology

o
1

DKO-AS J-AsShi J-AS'°
3-MB-PPL - + - + - +

Figure 26 T-cell morphology at rest is not affected by TCR or ZAP-70 (A) Approximately 1 x 10 cells
labelled with UCHT1 Fab at 20 pg/mén ice for one hourin the dark before centrifuging washing in PB
with ether 10 uM 3-MB-PP1 o DMSQ Labelled cells were fixed in 4% PFA with 0.25% glutaraldehy:
and DMSO/3MB-PP1,covered, at room temperature for 30 minuteswith Cell Mask647 addedfor the
final 15 minutes. Cells were centrifuged and resuspended befolming placed oo PLL-coaed slides
Samples were imaged immediatelpn a Zeiss 880 confocal using the-&ack function. Images show cel
with different morphologies as occurred across all cell lines and conditions teste8cale bar 5um. (B)
Cells were categorised manually asdving a morphology dominated by microvilli (MV), ruffles, or

mixture of both. No substantial differences were observed between any cell lines or conditions.19
cells per condition were acquired across 3 repeats and pooled. Statistical testing was netformed.
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4.3.2 The TCR is Slightly Enriched on Microvilli Tips

Previous studies have suggested that microvilli are enriched in signalling proteins, adhesion
proteins, and the TCR itselP3194, To test this, cells were prepareds abovebut with an
additional initial step of labelling TCR complexes using UCHT1 F4B8. Cells were labelled
for an hour in the dark on ice before washing in PBBIgSQwith DMSO or 3MB-PP1, fixing,

and labelling themembrane with Cell Mask647.

Cells were selected using only the Cell Mask channel to minimise biasstZcks of individual
cells were taken in both Cell Mask and UCHT1 Fab channels in the same manner as before.
Some cells were acquired in totality for ilistrative purposes, but for analysis, a5 slice Z
stack was acquired from many cells at the approximate midplane to capture complete

profiles of several microvilli for analysis.

Relative protein enrichment graphs were constructed by rojecting the stadks taken of
the cell midplanes in each channel, then merging them to form a composite image. Intensity
values and distance across the cell body and into the microvillus were normalised and the
intensity of UCHT1 Fab was divided by the Cell Mask intensityiving a relative enrichment
score where a value of 1 indicates no enrichment or depletion, while values higher or lower
than this suggest enrichment or depletion of labelled protein respectively. Relative distance
was separated into 1/5h sections, to in@rporate the cell body in the first 1/5t of the

distance and several sections of the entire microvillus in the rest.

Firstly, a positive control stain of CD62L (tselectin) was acquired and analysed in this way
for method validation, since this protein isknown to be enriched on microvillar tips+o4

(Figure 27A). Indeed, analysis of CD62ktained cells showed strong and significant
enrichment on microvillar tips (enrichment score 3.0), and depletion on the cell body (score

of 0.57).
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JASi and JASe cells were analysed separately to see whether there was a difference in TCR
localisation when TCR density is different. Despite high variability, both cell lines cells
showed a small but significant enrichment of TCRs towards the tips of microvillifigure
27B and C), corroborating previous wok103.194 Average enrichment scores for the cell body
were 0.96 and 1.33 for;AS and JASe respectively, while the most distal portion had an
average enrichment of 1.81 forlASi and 1.84 forJAS°. While there was a trend towards

TCR depletion on the middlgortion of the microvilli, this was not significant in either case.
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Figure27 The TCR displays a slight preference for microvillar tips  Cells were labelled with antibod)
or Fab against the relevant surface protein and Cell Mask membrane dye on ice, then washed, and
in suspension. (A) Representative image of BAS cell stained with anti-CD62L antibodies. Relativ
intensity plots for each microvillus are shown on the right. (B) and (C) Representative images BAS
and JASe cells stained with UCHT1 FalHalo, and individual microvilli plots on the right. (D) Pooéd
relative intensity CD62L of 9 microvilli from 3 cells (meant SD plotted) against the relative distanci
away from the cell body. (E) Same plot for intensity of TCR apAS' cells pooled from 23 microvilli
across 8 cells (F) Same plot for intensity of GR on}ASe cells pooled from 26 microvilli across 9 cells.
biological repeats were acquired for each condition and the mean intensity score at each distance
analysed by ordinaryonex AU | . / 6! xEOE 40EAUS & fDd00@P*t* A p £
0.001,** = p < 0.01*= p < 0.05 Nonsignificant comparisons not shown.
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4.3.3 The Adhesion Proteins CD2 and LFAl1 have Broadly Homogeneous

Distribution Across Microvilli

This analysis was also carried out for CD2, a smaltlhesion molecule on T cells which is
involved in early contact formation100.185 and CD11a, the subunit of LFA which is unique
to this integrin heterodimer94. Both proteins are involved in signalling pathways which
interlink with the TCR20.97.350 therefore may influence antigenstimulated changes in Fcell

behaviour.

Pooled data from CD11astained cells did not show angignificant enrichment of the protein
to a specific portion of the microvilli (Figure 28A). Enrichment values were 1.05 for thecell
body and 1.41 at the tip so there is a small trend towards a preference for more distal
portions. Localisation for CD2 was very similar Figure 28B), showing a trend towards tip
enrichment, which would be expected based on previous wot. At the cell body the
enrichment score was 1.02, increasing to 1.26 at the microvillus tig\ significant change in
localisation was present between the middle and tip of the microvillus, but this did not hold

true for other segments.
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Figure 28 CD11a and CD2 have broadly homogeneous distribution on the cell membrane  JASH
cells were labelled with antibody or Fab against the relevant surface protein and Cell Mask membr.
dye on ice, washed, and fixed in suspension. (A) Representative image of a cell stained with-@BtiL1¢
antibodies. Relative intensity plots for each microvillus are shown on the right. (B) Representat
images of cells stained with antiCD2 antibody, and individual microvilli plots on the right. (C) Poole
relative intensity CD11a of24 microvilli from 7 cells (mean+ SD plotted)against the relative distanc
away from the cell body. (D) Same plot for relative intensity of CD2 pooled frog4 microvilli across €
cells. 3 biological repeats were acquired for each condition and the mean intensity score at €
distance was analysed by ordinaryonec AU | . / 6! xEQOE 4 OEAUG%¥=pEd.o01
** = p < 0.01*= p < 0.05 Nonsignificant comparisons not shown.

4.3.4 T-Cell Interactionswith 1st Generation SLBsDependence on TCR expression
and Signalling

4.3.4.1 Adhesionto 1st Generation SLBs is Independent of TCR and Z&@

T cells must adhere to an APC or target cell before close contacts are made. Therefore,

adhesion to agonistpresenting SLBs was tested under signalling and nesignalling (i.e.,

ZAP-70-inhibited) conditions.

Cells were prepared as per the standard protocol for calcium flux videos (sectidh5.5.1)

with washing in either DMSO or 3MB-PPl-containing PBSMgSQ, and placed onto
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prepared, washed and equilibrated agonispresenting SLBs for timelapse imaging. Using
pooled data from thousands of cells per condition, the total fraction of cells adhering to the

SLB, and the frequency distributions of adksion times were analysedFigure 29).

When looking at the total fraction of cells adhering to thé&LBs Figure 29A, left panel),all
cells and conditions had an average total adhesion 681%. On It generation SLBs, the
average fraction of cells adhering under control conditions was 92%, 98% and 96 for
DKGOAS,JASe and JAS' respectively. When ZAP70 was inhibited by 3MB-PP1 treatment,
the matching fractions were 86%, 87% and 97%. While there vgagreater variability during

3-MB-PP1 treatment, this did not significantly affect total adhesion.

Looking more closely,the median time to adhereon 1st generation SLBs was 5& under
control conditions versus 64 s with ZAP70 inhibition for DKO-AS cells30 s versus 29 s for
JASi and 28 s versus 47 s fodASe (Figure 29A, right panel). There was no significant
difference between either cell lines ortreatments, although there was a trend towards

longer adhesion times for DK@AS cells in both conditims.

Finally, cumulative frequency distribution graphs were constructed to visualise the rate at
which cells adhere to the SLBs under each conditio(Figure 29B). Rates of adhesion
between control and ZAP70-inhibited conditions overlapped substantially in all cell lines,
suggesting that initial adhesion is not dependent on either TCR expression dgmsalling

capacity. This corroborates well with previous studies examining celiell contacts38s.384,
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Figure 29 Initial adhesion to 1st generation SLBs is independent of TCR expression and ZAP-
70 activity Cells were lablled with Flue4 AM, washed in PB®$1gSQ with DMSO or 3MB-PP1 anc
placed onto agonistpresenting 1st generation SLBs. Custom MATLAB code was used to ana
various biophysical metrics of hundreds of cells per repeat over-3 repeats. (A) Percentage of ce
adhering to the SLBs over the course of a 10 minute timelapse (left) and median time to adhe:
per cell (right) for 1st generation SLBs. (B) Pooled data from all repeats per condition showing

rate of adhesion to 2 generation SLBs in a cumulative frequency distribution plot. MeanSD plottec
in all graphs. No statistically significant differemce was found between any of the cell lines

treatments for any of the metrics analysed using a twaway ANOVA test withE p AUE 2 O
comparisons(only tested in panel A).

4.3.4.2 pMHC and ICAML Accumulation are Regulated by TCR Density and Z&XB

Sgnalling on 1st Generation SLBs

Interaction of both adhesion proteins andTCR/pMHCon the T cell and APC facilitate and
induce T-cell activation?6.99.102 Therefore next, the effect of TCR expression and signalling

xAO AOOAOGOAA 11 actumAlatefphHG a0BICALIDESLBSOU O

1stand 2d generation agonistpresenting SLBs were created with labelled pMHC and ICAM
1. A high concentration 0.3 ng/ul) of agonist pMHC was used so that relative accumulation
could be observed under cells, since theoncentrations usually used to inducesignalling

(typically 0.05 ng/pl or S10 molecules/um2 on 2nd generation SLBs 0.2 ng/ul on Xt
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generation SLB$ are not readily visible. Approximately 5 x 16 cells from each cell line
(DKO-AS, JASi and 3ASe) were placed onto agonistpresenting SLBs and left for 10 minutes
at room temperature after beingwashed in PBS&VigSQand 10 pM 3-MB-PP1 or matched
volume of DMSO. After fixing and washing, images were taken of several fields of view after
focussing on theSLB surface, and dozens of cell footprints were analysed to determine
relative protein enrichment by comparing mean intensity under each cell to the background
intensity where no cells were present. Cells with a comparable intensity of SLB proteins
relative to the background would produce a relative intensity value around 1, while
accumulation and exclusion under a cell would result in values higher or lower than 1
respectively. Since ICAM is usually simultaneously excluded and accumulated under an
activating cell (probably due totopography fluctuations and variations in LFA1 binding
affinity due to signalling), the spread of relative intensity values for ICAM is generally
greater than for pMHC and often reaches values lower than 1. To avoid bias,callls in a
field of view were analysed unless there was a valid reason to exclude themd.f dead or

blocked by debris).

Figure 30 shows the degree of protein acamulation by cells on ¥t generation SLBSDKG
AS cells, as expected, showed negligible pMHC accumulation (average iioddease <1.6),
which was similar for ICAM1 (average <16). There was no significant change in ICANI
accumulation whenZAR70 was inhibited, which again is expected since there is no TCR
signalling in these cells.-AS cells on the other hand showed visible accumulation of pMHC
with an average fold increase of 2.3, which significantly increased upon 3MB-PP1
treatment to 3.9, suggesting some effect leading to more TCRs being available for binding
ICAM-1 accumulation was alsasignificantly affected in JAS cells by 3MB-PP1 treatment,
decreasing from 2.0fold enrichment under control conditions to 1.3-fold enrichment. The
level of pMHC accumulation in-ASe cells was not significantly different from DKG! 3 § Sp 8uv
under any condition), which is not surprising given thelow density of TCRs available for

binding. Interestingly, the degree of ICAML accumulation was not significantly different
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between JASi and JASecells on Bt generation SLBs withJASe cells having an enrichment

of 1.9fold. This decreased to 1.3old with ZAP-70 inhibition, which was significant.
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Figure 30 TCR expression and signalling capacity modu late pMHC and ICAM-1 binding on 1st
generation SLBsCells were washed in PB#MgSQwith DMSO or 3MB-PP1 before placing on SLE
with labelled pMHC and ICAML. After 10 minutes incubation, excess cells were gently washed av
and remaining cells werefixed to analyse protein accumulation. (A) Relative accumulation of pMt
(left) and ICAM-1 (right) under cells on Istgeneration SLBs. Between 6304 cells for each conditiot
were pooled from 3 repeats. Statistical significance was tested by ordinary oiveay ANOVA witt
40EAUB80 1 01 OEPI A Ad6.00@ AOES 0.0018*6=5pe<e0.0E= pb< 0.05 Non
significant comparisons not shown.

4.3.4.3 ZAR70Activity, but notTCR Density, Regulates Cell Spreading on 1st Generation SLBs

The change in protein accumulation, in particular pMHC, on SLBs provided some evidence
that ZAR70 signalling may be changing the morphology of the cell as it interacts with an
agonistpresenting SLB. Therefore, experiments were conducted where live cells were

imaged interacting with these surfaces under different signalling conditions.

Approximately 5 x 13 cells of each cell line weravashed PBSMgSQand 10 uM 3-MB-PP1

or matched volume of DMSO. Cells were resuspended and placed onto prepared, washed
and temperature-equilibrated 1st generation agonistpresenting SLBs after 3 minutes
equilibration at 37°C. Timelapse images were taken every 10 seconds for 15 mies, and

cell footprints as determined by IRM signal were analysed over timd={gure 31A). All cells
were analysed to avoid bias except where IRM signal was disruptedwhere cells were cut

off by the field of view.

[170]



Caitlin O'Brien-Ball Trinity Term 2022

Firstly, analysis was directed at the maximum surface area achieved by cells in each
condition (Figure 31B). DKOAS cel$ did not spread very much (averagsurface area of30
pmz2) and significantly less than all TCRexpressing cellsinterestingly, this decreased to 6
umz2 with 3-MB-PP1, which was significant As expected JAS and JASe cells both showed
substantial cell spreading after contacting the SLByith similar maximum sizes of 123um?2

for JASi and 116 um2 for JASe, indicating that reduced TCR density does not affect
spreadingin this manner. The TCRexpressing cell lines ale both showed a significaneand
substantial decrease in the maximum size reached wheBAR70 was inhibited by 3-MB-
PP1, down to 13um2 for JASi and 20 um?2 for JASe, suggesting a strong role foZAR-70 in

regulating cell spreading.

The mean cell area aross the timelapse, which indicates how long the cell spends in a
spread morphology, was then analyse@Figure 31C). Once again under control conditions,
the surface aea for DKGAS cellswas relatively small(19 pm2) and much lower than JAS
and JASe cells, which had an average area of 44m2 and 63 pm2 respectively. Upon
treatment, mean areas decreased to dm2for DKO-AS cells, um2for JASV and 10 um2 for

JAS cells. This wassignificant for all cell lines.

Finally, similar patterns were observed when the speed of cell spreading to its maximum
size was measured(Figure 31D). There was no difference betweedASi and JASe cells
(both 0.7 um2/s), which both spread much faster than DKEAS at 0.1um?/s. Both cell lines
showed reduction to a similar speed of spreading when-81B-PP1 was applied, down to
0.09 um2/s for JAS and 0.15pm?/s for JASe, and this was significant for both cell lines.
DKQOAS cells were reduced to a speed of jusi03 um2/s. This again suggests a vital, but not

necessarilyTCRdependent, role forZAR-70 in regulating cell morphology ard size.
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Figure 31 ZAP-70 controls cell spreading on 1st generation SLBsCells were washed in PB$gSQ
with DMSO or 3MB-PP1 before placing on € generation agonistpresenting SLBs. IRM was used
measure the footprint of the cells over a 15ninute timelapse. (A) Representative timelapse o} A
cells spreading on % generation agonistpresenting SLBs under control and ZAf0-inhibited
conditions. Dark areas on the IRM channel represent areas of contact between the cell and SLB
Maximum surface area reached by cells (C) Average surface area of cells over the course of the time
(D) Rate of area increase of cells from landing to their mamum size. Dark bars indicate the mean vall
for each condition. Between 1428 pooled cells were analysed per condition, over 3 repeats.. Conditic
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4.3.5 T-Cell Interactionswith 2nd Generation SLBsDependence on TCR expression

and Signalling

Adhesion, protein accumulation and cebpreading were then tested on ® generation SLBs
to assess whether there may be differences when cells interact with a more physiological
SLB containing adhesion and glycocalyx proteins. Cells and SLBs were prepared in the same

manner as in sectiord.3.4.

4.3.5.1 Adhesion to SLBs is Independent of TCR and Z&® on 2d Generation SLBs

There was nosubstantial difference between adhesion on ¢ and 2 generation SLB
systems, while the pattern of greater variability upon 3MB-PP1l treatment was
recapitulated (Figure 32A, left panel). The total fraction of DKQAS,J}ASe and JAS cells
adhering on 2d generation SLBs were 94%, 91% and 82%. Upon ZAB inhibition, the

respective values were 95%, 84% and 81%.

For 2nd generation SLBsadhesion times were generally longeFigure 32A, right panel),
which is expected since these surfacese known to be less adhesive due to the inclusion of
the glycocalyx proteins CD43 an®€D45(thesis of Edward Jenkins, Davis group)r’hemedian
times for control and 3-MB-PPl-treated cells on 2d generation SLBsvere 54 s versus 114
s for DKOAS, 86 s versus 110 s faFAS' and 46 sversus 92 sfor JASe. Once again, neither
cell line nor treatment had a significant effect on these times, although greater variability

was observed with 3MB-PP1 treatment.

Like with 1st generation SLBs, the rate of cell adhesion between DMSO and/B-PP1-
treated cells overlapped substantially with all cell ihes, which all generally adhered at a

slower rate on 2d generation SLBs compared toslgeneration (Figure 32B).
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Figure 32 Initial adhesion to 2nd generation SLBs is independent of TCR expression and ZAP-70
activity Cells were lablled with Flue4 AM, washed in PB$1gSQ with DMSO or 3MB-PP1 and place
onto agonistpresenting 2nd generation SLBs. @stom MATLAB code was used to analyse varic
biophysical metrics of hundreds of cells per repeat over-3 repeats. (A) Percentage of cells adheri
to the SLBs over the course of a 10 minute timelapse (left) and median time to adhesion per cell (ri¢
(B) Pooled data from all repeats per condition showing the rate of adhesion in a cumulative frequel
distribution plot. Mean + SD plotted in all graphs. No statistically significant difference was foul
between any of the cell lines or treatments for anyfahe metrics analysed using a twavay ANOVA tes
with£ p AUE2 O | O1 OE@rilydestéddiinipand ®E OT T O

4.3.5.2 pMHC and ICAM1 Accumulation are Regulated by TCR and ZAPSignalling on

2nd Generation SLBs

Results for pMHC and ICAM accumulation aresummarised inFigure 33. DKO-AS cells once
again did not accumulate pMHC or ICAMI under any conditions. JASi cells visibly
accumulated pMHC on 2 generation SLBs 1.9-fold increasé), which significantly increased
to 2.5-fold with ZAP-70 inhibition similarly to 1 st generation SLBs. ICAM accumulation
under JAS' cells decreased slightly, but significantly, froml.4 to 1.%fold with ZAP-70
inhibition . JASe cells once again did not show substantial pMHC accumudila (1.2-fold
under control conditions), and this did not change with 3VB-PP1 treatment (1.2fold). A
decrease in ICAML accumulation was observedhut this was notsignificant (1.2 to 1.3-fold

enrichment with control vs ZAR70-inhibited conditions) . Interestingly, the degree of ICAM
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1 accumulation was significantly different between}AS' and JASe cellson 2nd generation
SLBs possibly suggesting that signal integration from more TCRs affedtFA-1 binding, at
leastin some conditions Average accumulation on these SLBs wds9 down to 1.3 with

ZAR70 inhibition and 1.7 to 1.1on 2nd generation SLBs.

pMHC Accumulation ICAM-1 Accumulation
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Figure 33 TCR expression and signalling capacity modulate pMHC and ICAM -1 binding on 2nd
generation SLBsCells were washed in PBMgSQwith DMSO or 3MB-PP1 before placing on SLE
with labelled pMHC and ICAM. After 10 minutes incubation, excess cells were gently washed av
and remaining cells were fixed to analyse protein accumulation. (A) Relative accumulation of pM
(left) and ICAM1 (right) under cells on 2d generation SLBs. Betweeid2-107 cells for each conditiot
were pooled from 3 repeats. Statistical significance was tested by ordinary oiveay ANOVA witt
4 0EAUBO 1 01 OEPI A Kiob@AGEQ d 0081 &=cps< OB5NBnsignificant
comparisons not shown.

4.3.5.3 ZART0 Activity, but not TCR Density, Regulates Cell Spreading od &eneration

SLBs

The size and speed of cell surface area increase was also measured whg2neration
agonistpresenting SLBqFigure 34). Cell size was measured using the custom Python close
contact code (sectiond.2.7) which automatically segments and tracks areas of Cell Mask

labelled membrane over time for multiple cells in a field of view.

Cells were harvested and labelled with Cell Mask and Fl4b AM, then washed and
resuspendedin PBSMgSQand 10 pM 3-MB-PP1 or matched volume of DMSO. Cells were
placed onto labelled 2d generation agonistpresenting SLBs after 3 minutes equilibration
in the microscope incubator and an image was taken every 2 sedmfor 15 minutes with
autofocus applied to avoid focal drift. Representative timelapse images f@AS cells under

each experimental condition is shown irFigure 34A.
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The maximum surface area reached by each cell line under control conditions was (12
for DKOAS, 130um?2 for JASi and 130 umz for JASe. When ZAP70 was inhibited this
decreased significantly to 3umz2for JAS' cells and 29umz2 for JASe cells,but stayed similar
at 57 um2for DKO-AS(Figure 34B), suggesting a strong effect of ZAPO activity, but only
when TCR is present. Furthermore, the averagairface area across the timelapseF{gure
34C) was 31umz? regardless of treatment for DKGAS cells, whileJAS' cells decreased
significantly from 63 pmz2 (control) to 19 um2 (3-MB-PP1), and for}ASe the decrease was
59 um2 (control) to 15 pm?2 (3-MB-PP1) and this was also significant. Finally, the speed of
spreading was analysed Figure 34D). DKGAS cells again did not demonstrate any
substantial changesz their average area increase was 0.im2/s regardless of treatment,
whereas JAS' cells decreased from 0.441m2/s (control) to 0.07 um2/s (3-MB-PP1) andJ
ASe also decreased from 0.51mz2/s (control) down to 0.08 pmz2/s (3-MB-PP1) with ZAR70

inhibition, and both of these changes were significant.

In summary, inhibition of ZAR70 in these cell lines on ® generation SLBs had no significant
effect on DKGAS cels and reduced both the total cell surface area and speed of cell
spreading of TCRexpressing cell lines to match DK@S cells. This data is in overall in good
agreement with the experiments conducted onstgeneration SLBs (sectior.3.4.3, except
for DKO-AS cells which appear to be affected by @IB-PP1 treatment only on % generation

SLBs.
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Figure 34 ZAP-70 controls cell spreading on 2nd generation SLBsCells were washed in PB:!
MgSQwith DMSO or 3MB-PP1 before placing on 2 generation agonistpresenting SLBs. Cell si
was measured over a 15minute timelapse by tracking cell membrane area dyed with Cell Mask. (
Representative timelapse offAS cells spreading on ¥ generation agonistpresenting SLBs unde
control and ZAP-70-inhibited conditions. Dark areas in the SLB represent areas of close cont
between the cell and SLBs (B) Maximum surface area reached by cells (C) Average surface a
cells over the course of the timelapse (D) Rate of area increase of cellsnfrdanding to their
maximum size. Dark bars indicate the mean value for each condition. Between-2% pooled cells
were analysed per condition, over 3 repeats. Conditions within cell lines were compared ir
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4.3.5.4 ZART0 Activity, but not TCR Density, Affects Close Contacts ort 5eneration

SLBs

The data acquired so far suggests that, while inhibiting ZAPO signalling in T cells does not

affect initial adhesion to SLBs, it appears to influence their subsequent morphology in a
manner that is at least partially independent of TCR density, or even presence. Using 2
generation SLBs, the smallest initial contacts, likely made by microvilli, can be directly
observed asthey initiate cell/ SLB contact and progress through cell spreading. Using the
ZAR70(AS) system combined with 2d generation SLBs and a custom MATLAB analysis
code the size and rate of growth of these contacts can be quantified under different

experimental conditions (Figure 35).

2nd generation SLBs were set up with labelled glycocalyx proteins CD43 and CD45. These
proteins are very dense on the SLB when introduced at physiological levels (see section
2.5.2) and so create a homogenous plane which can be disrupted as cells bind to small
adhesion proteins and pMHC, excluding these large molecul&s'ss, Areas of close contact
(CC)between the cell and SLB appear as dark spots in the labelled SliBface (seeFigure

35B-D). Cells were prepared as in sectio#.3.5.3

There was no significant difference between control or treated DK@S cells in any of the
metrics tested, suggesting a TCRependent effect of ZAP70 in the regulation of close
contacts (Figure 35E-1). The growth of all close contacts per cell over time in these cells
overlapped closely between conditions Figure 35E, left panel) and lkely demonstrate a
passive spreading event on the SLBs, rather than true active spreading seen with signalling
cells. Interestingly, this suggests different spreading behaviour from DKAS cells on %
generation SLBs as determined in the previous experimés looking at overall cell surface

area with IRM.
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Notably, there was no significant increase in the speed of first close contact formation
between any of the cell lines when ZAR0 was inhibited, with the mean of all conditions
lying between 260-447 s (se= section8.4, Figure 52B), although there was a trend towards
longer timesto close contact formation when ZAP70 was inhibited. Thetotal area occupied
by close contacts per cell was significantly smaller when ZAR) was inhibited, reducing
from 7.5 pune (control) to 3.0 un? (3-MB-PP1) forJAS cells and from 7.2 pura(control) and
3.5 une (3-MB-PP1)for JASe cells (Figure 35H). JASi and JASe cells both showed a peak
in the growth of their close contactshetween 300-400 seconds, taking an average 8P6 s
and 312 s respectively to reach the maximum close contact size pall (Figure 351). This
was longer during ZAR-70 inhibition at 454 s and 509 s, although the change was only

significant for JASe cells.

Both JASi and JASe cells had significant reductions in the numbeof close contacts formed
per cell, from an average of 22 and 26 respectively under control conditions taa®d 8 when
treated with 3-MB-PP1 {igure 35F), however whenthese were normalised for the cell
surface area there was no significant difference between any cell conditions wittlose
contact densities all falling between 0.2:0.34 CG/um2 (see section 8.4, Figure 52A).
However, the average size per close contact (determined by dividing the total CC area per
cell by the maximum number of CCs per celigure 35G) was significantly larger for JASe
cells when treated with 3MB-PP1, increasing from 0.27um2to 0.42 um2. JAS cells did not
show a significant change but did increase in size (0.36n2control to 0.39 um2 with 3-MB-
PP1), whereas DK@AS cells had a nosignificant decrease in CC size (0.41m?2 control to

0.33 um2 with 3-MB-PPY).
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Figure 35 TCR expression and ZAP-70 activity affect some metrics of T cell close contacts Cells
were labeled with Fluo-4 AM and Cell Mask, washed in PB&gSQwith DMSO or 3MB-PP1, and place
onto 2nd generation SLBs with CD43 and CD45 labelled. A custom Python code was used to analyse
of CC between the cell and SLB, schematlgadepicted in (A). (B-D) Timelapse images of CCs
representative cells for each cell line with and without ZAF0 inhibition. (E) Total size of CCs over tin
for each condition and cell line (mearkt SD plotted). (F) Maximum number of CCs per cell. (Byerage
area per CC inm2. (H) Maximum total area of CCs reached per cell. (I) Time taken to reach the maxin
CC size per cell. Dark bar represents the median value for each condition in violin plots, and mee
scatter plots. Between 2269 cells wereanalysed per condition over 3 repeats. Statistical testing w.
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4.4 Discussion

The experiments in this chapter were designed to investigate whether TCR signalling
capacity or expression influences the formation and dynamics of contacts between T cells

and SLBs.

The resting maphology of the three ZAR70(AS) T-cell lines were found to be similar
regardless of ZAP70 activity and TCR expression, and a slight enrichment for the TCR, but
not CD2 or LFA1, was observed on microvilli. Cells adhered tosland 2d generation SLBs

in a similar manner regardless of TCR expression or-ldB-PP1 treatment. Interestingly,
while ICAM-1 accumulation was generally reduced on SLBs in the absence of TCR signalling,
pMHC accumulation increased substantially, but only ihAS cells where accumuléion was
observable. Cell spreading onstgeneration SLBs was found to be markedly reduced by
ZAR70 inhibition in all cell lines, however the effect on ® generation SLBs was only
apparent for JAS' and JASe cells. Similarly, the size and number oflose contacts was
smaller when ZAR70 was inhibited, although the density ofclose contacts remained
consistent, suggesting no gross changes in morphology. Finally, the time taken to reach the
maximum close contat size in TCRexpressing cell lines was longer with 3VB-PP1

treatment, but this only reached significance fod-ASe cells.

Overall, the results here suggest that-€ell microvilli may be structured to facilitate TCR
signalling, although initial adhesion to SLBs and some protein binding on SLBs can occur
without signalling. ZAR70 activity affects cell spreading substantially bt close contacts are

more subtly changed, and usually these effects are only noticeable in FT€&®ressing cells.
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4.4.1 Differential Protein Localisation on the FCell Surface

Z-stack projections of resting T cells suggested that TCR expression and signallikglly do
not have a role in regulating morphology at rest. However, more cells would need to be

imaged and quantitatively analysed before a firm conclusion can be made.

Intensity-based analysis of key proteins on -Eell microvilli showed homogeneous
distrib ution of CD2 and LFAL, but a slight enrichment of TCR towards the microvilli tips.
The methodology used to determine relative enrichment was first verified for CD62L, which
is known to be preferentially located on microvill#o4, and by analysing cells iked in
suspension rather than when interacting with a surface, contact formation between the cell
and surface that could cause redistribution of proteins (for example exclusion of large
molecules) are avoided. Furthermore, fixing in solution prevents nogpecific TCR
triggering as observed on a variety of surfaces, even those traditionally considered to be
inert136.304,334 By using a Fab tolabel the TCR rather than an antibody, and labelling all
samples at 4C, activation of the cells and subsequent ptein clustering is unlikely. By
additionally measuring CD44, which is said to localise around the base of microiiit, the

method could be further tested.

However, this method is still relatively crude (diffractionlimited images and manual
analysis)therefore conclusions drawn should be taken in context of results from other work
using different methods, such as superesolution and 3D imaging. Additionally, the result
for CD2 does not agree as well with a previous publication which found a stronggference

for CD2 on microvilli tipsto3,

4.4.2 The Role of TCR and ZAPO in T-Cell Interaction with SLBs

TCR expression, nor signalling capacity, appear to influence initial adhesion to model APCs,

as all cell lines regardless of treatment adhered to SLBs coarpbly.
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While adhesion has not been studied by others in this manner, studies in ce8ll settings
confirm that ZAR-70 inhibition does not change the number of conjugates formed between
T cells and APCs or target cef83.384, suggesting the results hee are likely accurate despite

being unable to recapitulate every surface protein interaction.

Accumulation of pMHC and ICAM on SLBs could however be different from a cedell
context. While many examples of protein reorganisation on T cells interactinwith SLBs,
such as TCR and LFA accumulation, hold true for celicell settings215.405 it is uncertain
whether the results observed here would have a meaningful translation to a@n vivosetting.

It is too impractical to fully recapitulate the complexprotein surface of an APC and the
enrichment values obtained here are likely higher than reality. However, these conclusions
were made in the context of relative change between conditions where the SLBs were
identical (as far as is possible), and proteinehsities were designed to match physiological

levels measured on APCs.

4.4.3 Regulation of FCell Contacts on $and 2d Generation SLBs by TCR and ZAP

70

ZAPR70 activity, but not TCR density (or even expression in some cases) was found to

modulate T-cell contacts with 1stand 2nd generation SLBs.

Changes in the cell surface area and speed of spreading for the BK®line did not match
between 1st and 2vd generation SLBg there was a significant decrease in both metrics on
1stgeneration SLBs with ZAF70 inhibition which was not observed on 2d generation SLBs.
The reduction in speed and size afFAS' and JASe cells was also more subtle, although still
highly significant, on 2d generation SLBs. Overall, this suggests either a reduced effect of
ZAR70 inhibition on 2nd generation SLBs, or a technical difference in measurements and
analysis. Discrepancies could occur in cell surface area measurementsvietn IRM and

direct cell membrane area, since the area of the cell in close contact with the SLB and within
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the TIRFevanescenfield may not fully overlap, or due to the different experimental set ups

(i.e.,different objectives, magnifications, and anakjis methods)

Second generation SLBs provide a novel system to study close contact formation in a
manner that is arguably more physiologically relevant than other methods such as quantum
dot exclusion used in other studiez?3. SLBs however are still impefect, as close contacts
smaller than the resolution of the microscope (approximately 100 nm), or those not

excluding enough glycocalyx proteins to be identified by the code, could be missed.

One key aspect of SLBs that may affecic€ll morphology is thestiffness of the underlying
substrate. Aspreviously discussed (section 3.4.3), early events in Fcell signalling, as well

as protein reorganisation, seem to be layely unaffected by substrate stiffneso, but there

is evidence that stiffness can affect -€ell migration, activation, and spreadig?337.406,
Therefore, these interactions may not be well recapitulated in SLBs given that they provide
the T cellwith a very stiff substrate containing unanchored, rapidly diffusing proteins which
would not provide the same mechanical resistance as a real APC. Nevertheless, the
comparative nature of the experimental set up can provide insight into the differences i+

cell behaviour when ZAP70 activity and TCR expression are changed under certain

conditions.
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5 Microclusters and their Relationship with Microvilli

5.1 Introduction

TCRmicroclusters (MCs), small units typically made up of 4200 TCR&72213216 havebeen
studied extensively in the context of Tcell signalling and synapse formation. TCR MCs are
proposed to be the initiators of Fcell signalling for several reasons. Firstly, they appear very
shortly after T cells contact model APC#:213, exclude CD481, colocalise with signalling
and scaffold molecules such as ZAR), Lck and LAT72213214.216 gnd appear concomitantly
with 215, or prior to 172, calcium flux Additionally, it is well known that clustering TCRs with
antibodies or multimeric agonist pMHC can induce signalling in solution, whereas
monomeric ligands cannot?. Furthermore, a recent study using optogenetic techniques

has shown that clustering CDBalone can cause -Eell signallingt©?.

It is becoming increasingly clear that T ce#l do not form homogenous, flat contacts with
model APC surfaces, and that these fluctuations impography may represent an important
mechanism for T cells to regulate their signallings.195.223.408 MCs off CRs (and indeed ZAP
70) in microscopy studies are observed as local increases in protein intensity at the cell
membrane. Therefore, thesecould be the result of: (1) artefacts caused by variations in
protein intensity due to celltopography, where protein int ensity changes relative tahe cell
membrane position within the evanescent TIRF field (2) clusters of protein created by
passively binding ligand on an activating surfaceor (3) physical complexes of TCR
molecules in the Fcell membrane. Given the recentighlighting of the role oftopography

in T-cell signalling, microscopy studies have started to consider the possible link between

the appearance of MCs and-cell topography.

Astudy by Caieta#?2OOAA A OAAET ENOA AAT T AAmdiecids® OEA AT |

contacts made by live T cells on agonist pMH@esenting 1st generation SLBs. The

experimental set up included quantum dots of ~16 nm diameter on SLBs which were
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excluded at close contacts. Using this method, they demonstrated distinct sinpbints of
close contact under spread T cells (similar to images of glycocalyx exclusion ord 2
generation SLBs from sectior.3.5.4), suggesting that fluctuations in the Icell membrane
are present during antigen scanning and spreading on the SLB surface. Furthermore, they
observed a strong correlation between close contds and TCRor ZAR70 MCs, which
suggests that observed MCs may bdue to fluctuations in membrane topography.
Additionally, it wasdemonstrated thatearly TCRMCs colocalised with actinsuggesting that
microvilli (dynamic actin-rich protrusions on the Tcell surface)may be the cause of these
clusters. However, this association was weaker in later stages of contact. In line with this,
another study found that pretreatment of cells with an actininhibiting drug, which
abolishes microvilli, prevented micrccluster formation72. Finally, TCRmicroclusters have
been shown to passively exclude CD48 and their sizet03211,.216js similar to that of microvilli
tips103.194.223 These results therefore suggest that either apparent MCs may represent

fluctuations in topography, or that actin is required to facilitate MC formation.

In addition to this, Cai et ak23 noted that close contact areas which contained detectable
TCRwere much longer lived thanthose without, suggesting a passive mechanism of MC
formation based onTCRoccupancy by agonist pMHC. This idea is supported by another
study which demonstrated a link between agonist pMHC density on the SLB and the size of
TCR clustes?13, Furthermore, t has been suggested that pMHC attached to the SLB with GPI
anchors (used in studies such as Varma et.da}l) induces clustering of cell surface
proteins409, Additionally, blocking access to agonist pMHC on an SLB with antibodies was
shown to prevent formation of new TCRMCg11. Finally, ;e study??2 using a DNACAR
(chimeric antigen receptor) as a modelfCRdemonstrated that the ligand binding rate of
OAAADPOI 00 x A0 HdldAntafedsddadligaAdioundaeaeptors. This suggests

a mechanism for the appearance of CR MCs which relies on liganebinding events

regulated by an as yet unknown mechanism.
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Several studies®2.21t which imaged T-cell membrane simultaneously toTCRdid not find a
strong correlation between their intensity. Another studydetermined that microcluster size

is independent of pMHC affinity®2, suggesting that binding pMHC may ot be the only
reason for the appearance of MCs, and MCs of similar sizes have also been observed in SLBs
using a range of different agonist pMHC densitié®. Stimulation of T cells with a low density

of antigen also leads to lesECRMC translocation and little/no cSMAC formatior¢10, A super
resolution imaging study demonstrated that ZAP70 was recruited to TCRMCs regardless

of their size?20, and another shoved that TCRs signal when MCs are as small as 11 TCRs in
size2ll, Finally, ZAP70 MCsappeared as distinctstructures on glass slideshomogenously
coated with OKT3, a TCRinding antibody, in another superresolution study41t, suggesting
that MCs are nosimply an artefact of ligand binding by thelf CR Given the differing findings
presented by these studies, a consensus on the appearance of MCs, especially with regard

to T-cell membranetopography, has yet to be reached.

Finally, while substantial efforts have been made in characterising TCR MCs, the role of ZAP
70 kinase activity in regulating TCRMCs has not been examined by imaging studies.
Interestingly, imaging studies of TCR and ZAPO have demonstrated the potential for ZAP
70 MCs to form around a fev, or possibly even a singlef CR 72213 suggesting relatively large
TCRclusters may not be necessary for ZAR0 recruitment. Additionally , a study by Katz et
al 412 demonstrated that ZAR70 kinase activity was required forrelease of ZAP70 from the

4 # 21 AvthisiEsligdests anechanism for early signal amplification

By comparingJAS' and JASe cells (described in 3.3.7), which have dramatically different
TCRexpressionlevels, the mechanics behind the appearance @iCRmicroclusters can be
investigated. For example, it would be more difficult to form MCs wieTCR density is very
low (at least at a similar time scale to cells with physiological TCR expression), especially if
they are a result of passive pMHC binding. ZAR recruitment in cells with different

densities of TCRwill be quantified using the ZAR70(AS)HaloTag chimeric protein, which
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can also be used to investigate the effect of ZA® signalling during early contact formation
without affecting ligand binding. This will help to dissect the factors controlling the
appearance of TCR and ZAFO MCs. 2 generation SLBs presenting labelled CD43 and
CD45 {.e.,a glycocalyx) will be used to visualise T cell close contacts using TIRFM. By
correlating glycocalyx intensity with labelledTCRand ZAR70, the relationship between T
cell topography and apparent MCs will be quantified. Finally, the role of actin will be
investigated by using pharmacological inhibitors to disrupt the cytoskeleton in different

ways, while observing the effects on close contact formation andcEll signalling.

This chapter will be dvided into two parts: firstly, investigating the effect of different TCR
expression, as well as ZA0 inhibition, on the formation of TCR MCs. Secondkxamining
the relationship of celltopography and actin to the appearance of MCs, and its effect 8GR

triggering.
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5.2 Materials andMethods

5.2.1 TCR and ZAF0 Microcluster Assays

Approximately 5 x 1@ cells were labelled with Janelia Fluor646 HaloTag ligand as
previously described (final concentration 200 nM; section 2.5.6). Cells were then
centrifuged at 395 x g and incubateavith UCHT1 FabHalo (488) at 20 pg/ml in 50 pl total
volume of complete RPMI for 10 minutes at 37°C. Celivere centrifuged as before and
washed twice in 500 pl prewarmed 0.22 pmfiltered PBSMgSQand 10 uM 3MB-PP1 or
matched volume of DMSO. The sample was finally resuspended in 50 ul of the same solution
and placed onto 3 generation SLBs which had beeprepared and washed in 0.22 um
filtered PBSM@gSQ at room temperature. Cells were allowed to settle on the SLBs for 5
minutes before removal of excess liquid in the SLB wells and addition of 15 pl of a 4% PFA
solution with 0.25% glutaraldehyde. Samples wez fixed at room temperature for 30

minutes before washing with 0.22 prefiltered PBS and immediate imaging.

Images were taken on arOlympus IX83 inverted TIRF microscope Laser powers and
exposure times were adjusted to achieve maximum dynamic range for @achannel and

kept constant over the course of each experiment. Every cell in a field of view was analysed

to avoid bias, except those that were dead or on the edge of the frame. Images were analysed

in Fiji. Cells were segmented using the IRM channel aMCs of TCR or ZAR0 were defined

as pixels within the top 20% of intensity within a cell (this was chosen empirically based on
AAT1 O ET AIT1T06011T AT TAEOEI T 08 4EA OAT Al UOA
number, intensity and size ofMCsJ(i.e. high-intensity spots) within the cell. Intensity values

were normalised to the average intensity of the cell backgroundetected TCR spots with

an area greater than 1 prhwere excluded, and ZAHO spots greater than 2 pra were

excluded to avoid counthg the cSMAC or clusters forming very close together as a single
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cluster. These valus were based on doubling microcluster area measurements for each

protein211413to include changes in microcluster size.

5.2.2 CellTopographyin Relation to Microclusters

Approximately 5 x 1 cells were labelled as above (sectioh.2.1). The sample was finally
resuspended in 50 ul of PBS$1gSQ with 10 uM 3-MB-PP1 or matched volume of DMSO and
placed onto 2d generation SLBs containing Alexa Fluor 55&belled CD43 and CD45 which
had been prepared and washed in 0.22 pifiltered PBSMgSQ at room temperature. Cells

were allowed to settle on the SLBs for finutes before fixing and imaging as above.

Images were analysed using th Coloc2 tool in Fiji with default PSF and Costes
randomisation settings. A mask was created for each cell using its IRM footprint, which was
used to define an area to analyse the lawalisation of TCR vs glycocalyx, ZAR) vs

glycocalyx or TCRvs ZAR m AO A DT OEOCEOA AT 10011 OOET C 0AAOC

5.2.3 Early Signallingand Contact Area with Actin Inhibition

Different versions of 2d generation SLBs were prepared: either excluding gtocalyx
proteins (i.e.,just pMHC, CD58 and null pMHC block) or with the glycocalyx includeide(,a

normal 2nd gen bilayer).

Approximately 1 x 1 cells were centrifuged at 2000 rpm for 90 secondsn a MiniSpin

(Eppendorf), washed in 500ul PBS and incubated in 1uM latrunculin B, 10uM cytochalasin

D or 100nM jasplakinolide or equivalent volume DMSO in 10Qu RPMI (with no

O00pPPI Al AT OO6Qq A O p EI OO0 ET A OEOHOs werdl OOOA E
centrifuged, wasted twice in 500l warmed PBSMgSQand the appropriate concentration

of drug or matched volume of DMSO. Cells were finally resuspended in |50of the same

solution and left to incubate for 3 minutes in the microscope incubator while SLBs were

washed in he relevant PBSVgSQ with drug or DMSO. Approximately 5ul of the cell
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suspension was added to the SLB and an image was taken every second for 600 frames/10
minutes (for calcium flux assays) or every 10 seconds for 60 frames/10 minutes for contact
analysis. Images were acquired on a Zeiss 780 (calcium) and 880 (contact formation)
inverted confocal microscope. Calcium flux data was analysed using a bespoke MATALB
code (section2.6). Contact zone analysis was carried out using a custom Python code

(section 4.2.7).
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5.3 Results

Many studies ofTCRMCs have been conducted on SLBs pesding agonist pMHC and ICAM

1 (i.e.,1st generation SLBs) or antibodycoated glass. Glass surfaces however do not allow
for MC translocation across the cell surface as would happen at a T tellget cell
contact?11.213.215 Therefore, JASW and JAS° cells were compared onagonist and null-
presenting SLBs both with and without ZAP70 inhibition to assess the role of TCR
expression levels and ZAHO0 signalling on TCR and ZARPO MCformation. 2nd generation
SLBs were also used to investigate theelationship between MCs actin, and T-cell

topography.

5.3.1 Early TCRSgnalling Microclusters are not Affected by TCR Expression

JASi and JASe cells were labelled with UCHT1 Falilalo and a Janelia Fluor HaloTag ligand
before washing and resuspension in warm PBBIgSQ- with either 10 uM 3-MB-PP1 or
DMSO. A small amount ohecell suspension was placed ontosigeneration agonist or null
pMHGpresenting SLBs and cells were allowed to settle for 5 minutes before washing with
PBS and fixing with 4% PFA with 0.25% glutaraldehyde. A relatively low density {10
pPMHC/um?) of agonist pMHC was used to mimic the physiological stimulus leading to

signalling.

Images were taken immediately by TIRFM, as this allows the best sigriatnoise ratio for

surface protein measurements. The strategy for analysing MCs is shownHigure 36. The

footprint of each cell was determined using IRM and the average background intensity for

each cell was measured. Each cell was subjected to thresholding in each channel (TCR or

ZAR70) and the top 20% of pixel intensities were empirically degE T AA A0 O- #0686 &£ O £
to account for variations in TCR or ZAH 0 expression between cells in the same condition.

4EA OAT A1 UOA PAOOEAI AOGS6 AEAAOOOA 1T &£ &EEE xAO 00/

MCs for each channel.
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Cells interacting with null pMHC-presenting SLBs, where little to no TCR signalling occurs
(see sectiorB.4, Figure 51), also demonstrated areas of increased TCR intensity which were
of comparable size and dengy to cells settled on agonistpresenting SLBs(Figure 36),
however these were less bright both in absolute terms and relative to the cell background,
suggestingthdd OEAOA O-#08 1 EEAI U OADPOAOGAT O AOAAO
SLB and/or stochastic variations in receptor density on the cell surface.

JAS cells formed an average of 22 MCs per cell add\Se cells formed 21 Figure37A). The
average microcluster size was also very similar between both cell ling€0.31 um2 for JAS:
cells and 0.29umz2for JASe cells (Figure 37C). When comparing the intensity and therefore
number of TCRs present in each microcluster, the absolute intensity of each microcluster
was 2.6fold higher for JAS cells compared toJ}ASe cells, a difference that was significant
(Figure 37D). When these values were normalised to the background intensity for each cell
(i.e. representing the foldchangein intensity for a microcluster compared to the average
intensity across the cell), a small but significant difference in values remained at 1.62 fbr
ASi and 1.58 for JASe (Figure 37E). Therefore, TCRexpression does not affecTCRMC
density or size, however there is a small but significant decrease in the density of TCRs at

individual MCs.
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TCR ZAP-70
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Figure 36 Strategy for analysing TCRand ZAP-70 microclusters Approximately 5 x 1 cells were
labelled with HaloTag ligand and UCHT1 FaHalo. Cells were washed in PBEBIgSQ and 10 uM 3
MB-PP1 or DMSO then placed onto agonigir null pMHG-presenting 1st generationSLBs. Cells wel
allowed to settle on the SLBs for 5 minutes before fixation and immediate imaging on a T
microscope. Images show cells representative of each condition. After selecting a cell contact
based on IRM, channels representingCRor ZAP-70 were individually subjected to thresholding tc
select pixels in the top 20% of intensities within the cell for analysis (this value was determin
empirically). Red areas highlight the areas selected by this thresholding method. Intensity histogra
below cells in each condition illustrate the distribution of intensities for cells in each condition, wit
the red box indicating the pixel intensities selected for analysis.
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5.3.2 Early TCRSgnalling Microclusters are not Substantially Affected by ZAHO

Inhibition

When ZAR70 was inhibited, the number of TCR MCs abAS cells was reduced from 25 to
8 per cell for JASi and 9 for JASe cells. As described in Chapted, inhibition of ZAR-70
reduces the surface area of T cells on agonigtesenting SLBs, so TCR microcluster
frequencies were normalised for cell surface areaHgure 37B). This gave similar densities
across both cell lines of 0.13 MCsim2 for JAS" and 0.16 MCsfim? for JASe cells, or one
microcluster per 6.3-7.2 um2 of cell surfacearea. This did not change significantly with ZAP

70 inhibition.

The size of TCR MCs increased slightly for each cell line with ZA®inhibition, from 0.31
pum?2 to 0.34 um2 for JAS' and 0.29um2 to 0.31 um2 for JASe cells (Figure 37C). Neither
change was significant, however. Furthermore, the absolutely intensity of TCR MCs was not
significantly different between control or ZAR70-inhibited cells (Figure 37C). The relative
intensity was significantly higher for FJASe cells treated with 3-MB-PP1 Figure 37D) rather
than DMSO, although the magnitude of the change was very small (:f68 higher than
background vs 1.63). Overall, TCR MCs are not substantially affected by ZZ&Pactivity,

with the exception of an increase in MC intensity idASe cells where ZAP70 was inhibited.
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Figure 37 Characteristics of early TCR microclusters in cells with different TCR expression and
signalling capacity Approximately 5 x 1C cells were labelled with HaloTag ligand and UCHT1 F¢
Halo. Cells were washed in PBBIgSO4 and 10 uM-3/1B-PP1 or DMSO then placed onto agonigir
null pMHG-presenting 1st generation SLBs. Cells were allowed to settle on the SLBs for 5 min
before fixation and immediate imaging on a TIRF microscope. Microclusters were defined as pi
within the top 20% of intensity values for each cell. (A) Absolute number of microclusters per ct
(B) Density of microclusters per cell {.e.,number of microclustersdivided by the surface area of th
cell). (C) Size of each microcluster ipmz2. (D) Raw intensity value per microcluster. (E) Relativ
intensity of each microcluster {.e.the intensity of each microcluster divided by the average intensi
value across tte entire cell). Dark grey bars represent the mean value in all graphs. Between-38
cells analysed per condition spread over three independent repeats. A total of 2586 microclusters
were analysed per condition over the 3 repeats. Values for each cellionocluster were pooled anc
analysed by ordinary oneway ANOVA.**** = p<(0.0001*** = p < 0.001** = p < 0... Nonsignificant
comparisons not shown.
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