Investigating the mechanism of
cytotoxic lymphocyte resistance to
perforin

Jesse Alexander Rudd-Schmidt

0000-0002-3033-2642

Master of Philosophy - MDHS (Medicine)
March 2020

The Sir Peter MacCallum Department of Oncology

Submitted in total fulfilment for the degree of Master
of Philosophy - MDHS (Medicine) at the University of
Melbourne



Preface

The majority of the work performed during this masters degree has been included in the following
publication:

Rudd-Schmidt, J. A., Hodel, A. W., Noori, T., Lopez, J. A, Cho, H.-J., Verschoor, S., . . . Voskoboinik, I.
(2019). Lipid order and charge protect killer T cells from accidental death. Nature Communications,
10(1), 5396. doi:10.1038/s41467-019-13385-x

Co-author authorisation forms have been signed by all co-authors and submitted during the thesis
submission process.

Sections of the text that describe experiments performed by co-author Dr Adrian Hodel are included
for completeness of the study, and are clearly labelled in the text. A detailed methods section for the
Atomic Force Microscopy experiments he conducted is included as Appendix 1 in this thesis.

Sections of text within the thesis which have originated from the published article are denoted by
guotation marks, and the publication itself is included as Appendix 2 in this thesis.

Supplementary Videos 1,2 & 3 have been emailed to the examinations office.
Total word count including references and bibliography:

I, Jesse Alexander Rudd-Schmidt, declare that except where otherwise stated in the text, all work was
performed by me.

Signature:

Date:



Abstract

Cytotoxic lymphocytes are highly efficient killer cells of the immune system. They destroy cognate target
cells by secreting highly toxic effector molecules, the pore-forming protein perforin and pro-apoptotic
serine proteases granzymes, into the confines of the immune synapse. Despite both the lymphocyte
and target cell plasma membrane being equally exposed to the perforin and granzymes, the
lymphocytes invariably survive that encounter as they remain resistant to perforin pores. This project

investigates the mechanisms behind this uniqgue phenomenon.
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Chapter 1  Literature review and introduction

1.1 Cytotoxic Lymphocytes

1.1.1 Immune system overview

Humans and other mammals rely on their immune system to survive exogenous biological
threats, such as bacteria and viruses (Dempsey et al., 2003). Without an immune system, we would
rapidly succumb to these infections. The complexity of the immune system is enormous, with two main
branches (innate and adaptive) immunity working together to provide a comprehensive defence system
(Paul, 2011). The innate immune system is made up of cells which are constitutively ready to perform
their task, whereas cell types which make up the adaptive immune system require a period of time to
generate a response which is specific to the particular threat, and also have the ability to acquire
memory of a particular pathogen, reducing the lag time between infection and adaptive immune
response for future infections of the same pathogen (Chaplin, 2010; Parkin & Cohen, 2001). The way
that various cells in these two arms of the immune system function varies greatly, ranging from epithelial
cells, which form the first layer of defence against pathogens by providing a physical barrier, to antigen
specific killer T cells (CD8" T cells, CTLs), which are able to specifically recognize and destroy cells
infected with a particular pathogen. A brief overview of the main cell types that make up both the innate
and adaptive arms of the immune system is provided below (Fig. 1.1). Although not an exhaustive list,
this provides context to the position that cytotoxic lymphocytes occupy in our body’s immune system.
This thesis will concentrate on CTLs and Natural Killer (NK) cells, collectively referred to as cytotoxic

lymphocytes, which are explained in more detail below.

Innate Adaptive

Mast Cell CD8+ T Cell (CTL)

Macrophage

Dendritic cell

CD4+ T Cell

Natural Killer T cell

NK cell

Eosinophil

X Gamma delta T cell
Basophil

Monocyte

Plasma Cell

Complement protein

Neutrophil

Figure 1.1: Basic overview of immune system components.
NK cells are the cytotoxic lymphocytes of the innate immune system, whereas CD8" T cells (CTL) form part of the

adaptive immune system. Image adapted from (Dranoff, 2004)
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1.1.2 Cytotoxic lymphocytes role in the immune system

Cytotoxic lymphocytes, represented by CTLs and NK cells, play a key role in defence against
intracellular pathogens (viruses and some bacteria) and transformed cells (Voskoboinik et al., 2006).
NK cells provide the frontline of defence, attacking infected or transformed cells that are not recognized
as self (Ljunggren & Karre, 1990). More recent studies have shown that NK cells operate within a
complex regulation system, maintaining sufficient responsiveness to thwart infections, but a less primed
state as well to avoid autoimmunity (Shifrin et al., 2014). As opposed to the inherent killing capacity of
NK cells, CTLs acquire their ability to recognize and kill targets only after an initial briefing by Antigen
Presenting Cells (APC). APCs present foreign antigens to naive CTLs via MHC class 1 molecules
(Germain, 1994). After this initial interaction within the secondary lymphoid organs, CTLs specific for
the presented antigen proliferate (Kaech et al., 2002) and then enter the site of infection (Weninger et
al., 2002). This secondary ‘wave’ of antigen specific CTLs then clears the remaining infection. In this
way, both the innate and adaptive arms of the immune system function together to provide a highly

effective means of defence against infection.

1.1.3  Mechanisms of Killing

On engaging with target cells, both forms of cytotoxic lymphocyte have two primary modes of
attack (Lowin et al., 1994). The first mode of attack is the granule exocytosis pathway (Figure 1.2),
which involves the formation of a synapse with the target and consequent release of a toxic payload of
the pore-forming perforin and pro-apoptotic serine proteases granzymes (Lopez et al., 2012; Trapani &
Smyth, 2002). This mechanism leads to rapid target cell death through granzyme-induced apoptosis or,
in some rare instances, direct lysis by perforin. The second is the Fas ligand pathway, a relatively slow
mechanism that leads to target cell apoptosis. This pathway involves the upregulation of Fas ligand on
the cytotoxic lymphocyte upon engagement with a target cell (Lynch et al., 1995). Fas ligand on the
cytotoxic lymphocyte trimerizes Fas receptors on the target cell, leading to activation of Caspase 8 and

subsequent downstream events resulting in apoptosis (Waring & Mullbacher, 1999).

Within the cytotoxic lymphocyte, perforin and granzymes are stored inside secretory granules,
which upon synapse formation migrate via microtubules towards the polarized microtubule organising
complex (MTOC) at the presynaptic membrane (Geiger et al., 1982; Kupfer & Dennert, 1984). The
secretory granules are then delivered to the synapse area via direct centrosome contact (Stinchcombe
et al., 2006). Once within the synapse, perforin forms transient pores on the target cell membrane,
which allow granzymes to diffuse into the target cell and initiate apoptosis (Lopez, Susanto, et al., 2013).
Numerous granzymes are present in the secretory granules (Chowdhury & Lieberman, 2008), however
granzyme B is the most cytotoxic. Once within the target cell cytoplasm, both mouse and human
granzyme B activate caspases to initiate cell death of the target cell. Whilst mouse granzyme B cleaves
caspase-3 directly, human homologue acts primarily by cleaving Bid that activates Bak/Bax leading to

disruption of the mitochondria (Cullen et al., 2007).
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Figure 1.2: Schematic diagram of the granule exocytosis pathway

a.) Cytotoxic lymphocyte approaches target cell

b) Secretory granules move towards the cytotoxic lymphocyte MTOC which has polarized at synapse

c) Secretory granules are polarized at the point of synapse formation prior to degranulation

d) Secretory granules fuse into the immune synapse following cytotoxic lymphocyte calcium flux, allowing the release
of perforin to form pores on the target cell membrane. Granzymes are shown entering the cytosol of the target cell

to initiate apoptosis. Image adapted from (V oskoboinik et al., 2015)
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1.2 Perforin

1.2.1 Structure and function

Perforin is a 67kDa monomeric protein containing 3 main structural domains: a Membrane
Attack Complex and PerForin proteins (MACPF) domain which is a “warhead” involved in membrane
insertion and pore formation, an Epidermal Growth Factor (EGF) like domain ‘shelf region’ and a C-
terminal domain containing a calcium-dependent membrane binding C2 domain (Figure 1.3a). The X-
ray crystal structure of monomeric murine perforin (Figure 1.3b) as well as a full reconstruction of a
perforin pore obtained via cryo-electron microscopy (Figure 1.3c) were reported in 2010 (Law et al.,
2010) and this has allowed for a much better understanding of both the differences and similarities that
perforin possesses with Cholesterol Dependent Cytolysins (CDCs) and MACPFs. The MACPF and
CDCs are part of a superfamily of immune effector proteins that undergo a conformational change
involving a transition from two clusters of a-helices to transmembrane B-hairpins (Lukoyanova et al.,

2016). These transformations do not require any partner/accessory proteins.

@ Perforin domain structure b Perforin monomer C Perforin pore
MACPF domain (pore forming) EGF-like domain C-terminal domain
r 1T 1T 1
21 112-165 240-296 371 377 397 397 412 526 542
TMH1 TMH2 413 525

C2 domain
(Ca and
membrane
binding)

Figure 1.3: Overview of Perforin Structure
a.) Domain structure of perforin highlighting the MACPF domain, EGF like domain and C-terminal domain
(including the C2 domain).

b.) Crystal structure of a perforin monomer

c.) Cryo-electron microscopy reconstruction of a perforin pore assembly. Image adapted from (1 oskoboinik et al., 2015)
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The first essential step in pore formation is the Ca?*-dependent membrane binding of perforin
through the C2 domain (Traore et al., 2013; Voskoboinik et al., 2005; Yagi et al., 2015). The C2 domain
of perforin requires much higher Ca?* concentrations than other known C2 domains to enable its
membrane binding (Voskoboinik et al., 2005). As all other known C2 domains act inside cells, this is
believed to be one of the critical factors that restrict perforin action to the extracellular milieu, where the
neutral pH and high free calcium concentration (1.3mM) are favourable for perforin binding and pore
formation. Four or five calcium ions bind to the C2 domain, and it is hypothesized that the weakest
affinity binding site is the final trigger to induce an essential conformational change enabling perforin
membrane binding. Thus, following Ca?* binding to the C2 domain, two loops ‘swing’ so four
hydrophobic residues face the membrane and anchor PRF. Subsequently, perforin oligomerizes
forming prepores, followed by unfurling of two transmembrane helix regions within the MACPF domain,
tight packing of the prepore leading to insertion and pore formation. It has recently been discovered that
when perforin monomers bind to a lipid membrane they form small arcs which then act as “nucleation”
sites to create full pores (Leung et al., 2017). Within this same study it was also shown that both arcs

and pores have the ability to disrupt membranes (Figure 1.4).
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Figure 1.4: Comparison of complete vs incomplete pore and frequency of such pores in membranes.

a.) Atomic Force Microscopy images (top) and graphical representations (bottom) of a stable pore (seen top right)
and arc (bottom centre) which grows into a full pore over time via recruitment of other prepore oligomers. Note the
ability of the arc to pierce the membrane before reaching a full pore shape.

b.) A comparison of the frequency of arcs being formed compared to full pores, and detail of how many subunits are

present per assembly. Image adapted from (Lenng et al., 2017).
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1.2.2 Perforinopathy: The role of disrupted perforin function in disease

Given the crucial role of perforin in cytotoxic lymphocytes killing mechanism, it is not surprising
that deficiencies in perforin can lead to a breakdown of the immune surveillance. Familial
Hemophagocytic Lymphohistiocytosis (FHL) is a syndrome, which occurs when a patient cannot
successfully clear antigen-presenting target cells. Although there is only one form of FHL that involves
mutations in perforin itself (FHL2) (Stepp et al., 1999), these cases make up ~50% of all cases
(Voskoboinik & Trapani, 2013). The other forms of FHL are caused by mutations in genes which are
involved in the release of perforin into the immune synapse (MUNC13-4, STX11 and STXBP2 mutations
result in FHL3-5, respectively) (Cote et al., 2009; Feldmann et al., 2003; zur Stadt et al., 2005), hence
their disruption also leads to a lack of perforin delivery into the synapse and killing target cells. A fifth
form, FHL1, has been localized to chromosome 9921.3-22 (Ohadi et al., 1999) but no specific genetic

mutation has been identified.

Failure of cytotoxic lymphocytes to clear antigen-presenting target cells results in excessive
activation of CTLs which produce large amounts of interferon gamma (Henter et al., 1991). Excessive
release of interferon gamma and other inflammatory cytokines following failed target cell death was
recently shown to be a consequence of failed detachment of the killer cell from its target, which in turn
results in repetitive calcium signalling in the CTL/NK cell and deviation from secreting cytotoxic
molecules to stored cytokines (Jenkins et al., 2015). The excessive interferon gamma in turn activates
macrophages which then produce large amounts of inflammatory cytokines, including IL-6, TNF and IL-
18, which cause a destructive ‘cytokine storm’ in the patient (Figure 1.5), leading to many clinical
symptoms including fever, pancytopenia, neuroinflammation and multi-organ failure; if left untreated,
FHL is almost invariably fatal. Cases of FHL in which both inherited alleles of perforin are ‘null’ has a
median age of onset of less than 12 months, and bone marrow transplantation remains the only curative
treatment.
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Figure 1.5: The basis for pathology of FHL.

a.) In a healthy individual the immune response is terminated following cytolysis of antigen presenting cells.

b.) In an individual with FHL, the failure of the Cytotoxic Lymphocytes to remove antigen presenting cells results in
continual IFNy relase, leading to overproduction of IL-6, TNF and IL-18 by macrophages (termed cytokine storm)

which leads to damage of surrounding cells. Image adapted from (de Saint Basile et al., 2010)

18



This complete loss of perforin activity is the most extreme example of a class of perforin related
pathologies, recently termed ‘perforinopathy’ (Voskoboinik & Trapani, 2013). Unlike the early onset of
disease (in infants) due to a complete loss of perforin function, partial perforin deficiency leads to
disease presentation later in life, in adolescence or even in adulthood. Reports have been presented
that link partial defects in perforin function, mostly due to protein misfolding, with a loss of virus or
tumour immune surveillance. For example, patients with that kind of mutations may be susceptible to
blood (Chia et al., 2009) and other forms (Chaudhry et al., 2016; Trapani et al., 2013) of cancer. Overall,
perforinopathy is a wide spectrum of pathological manifestations that have been classified as acute,
sub-acute and chronic, depending on the age of patients and severity of the disease. Acute disease
presentation is caused by a complete loss of perforin and an inability to remove antigen presenting cells
resulting in severe cytokine storm at a very young age. Sub-acute and chronic FHL (which occur later
in life) are caused increasingly by the failure of partially functional cytotoxic lymphocytes to eradicate
transformed and malignant cells, which allows these cells to proliferate and cause pathology
(Voskoboinik & Trapani, 2013).

1.2.3  Self-Protection of cytotoxic lymphocytes from perforin

1.2.3.1 Inside the cell

Numerous factors have been shown to protect cytotoxic lymphocytes from their own perforin
whilst it is stored within the cell. After its synthesis in the endoplasmic reticulum (ER), perforin is
transported to the trans-Golgi network. A rapid transport out of the ER that keeps the steady state
concentration of perforin extremely low is crucial as conditions within the ER are optimal for perforin
function, with high calcium concentrations and neutral pH. Specifically-designed perforin mutants which
dwell for too long in the ER are toxic to the host cell, as it most likely oligomerises and forms pores. The
rapid export of perforin from the ER has been shown to be crucially dependent on the invariantly
conserved hydrophobic residues of the carboxy-terminal region, specifically Trp555 (Brennan et al.,
2011).

More recently, a second mechanism of protection has been identified, involving N-linked
glycosylation at the carboxy-terminus of perforin. N-glycosylation at Asn549 was found to create steric
hindrance of perforin monomers, thus inhibiting oligomerisation and preventing premature perforin pore
formation within the host cell (House et al., 2017). Once perforin has been transported to the safe
environment of the cytotoxic granules, its cytotoxic function is completely inhibited by low pH, and this
glycan is then removed by proteolytic cleavage of the last twelve C-terminal residues. This cleaved
fully-functional form of perforin is then released into the immune synapse, where neutral pH and high
calcium levels are permissible for pore formation on the target cell.
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1.2.3.2 Following secretion by exocytosis

What makes cytotoxic lymphocytes such an effective defence system is their ability to kill
numerous targets sequentially without being negatively affected by their own toxins. After initially being
identified via bulk cell assays (Berke et al., 1972), this ‘serial killing’ phenomenon has been observed
visually both in early studies (Rothstein et al., 1978) and also in more recent studies with advanced
forms of time-lapse microscopy (Halle et al., 2016; Lopez, Jenkins, et al., 2013). The ability of one
CTL/NK to kill many successive targets necessitates cytotoxic lymphocyte self-protection, so that a
cytotoxic lymphocyte that forms a synapse with a target cell/s is not killed by the release of their own
toxic cargo of perforin and granzymes. This is despite the fact that with neutral pH and high calcium
concentration the conditions within the synapse are favourable for perforin function (Praper et al., 2010;
Young et al., 1987) and both the post-synaptic and pre-synaptic membrane are equally exposed to
perforin and granzymes. Time lapse microscopy has shown a lack of perforin pore formation on the
cytotoxic lymphocyte (Lopez, Jenkins, et al., 2013), bringing back to life an old (Golstein, 1974) and
unresolved fascinating question of how cytotoxic lymphocytes are protected from their own perforin.
This has remained one of the most intriguing unanswered questions in the field of cytotoxic lymphocyte

biology, and the current thesis is aimed at resolving this mystery.
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Chapter 2 General Materials and Methods

2.1 Molecular cloning and recombinant protein expression of Perforin constructs

2.1.1 Molecular cloning

The previously described TMH1-PRF mutant (Leung et al., 2017) provides a non-lytic form of perforin.
Mutations replacing alanine and tryptophan residues at amino acid position 144 and 373, respectively,
with cysteine residues results in the formation of a new, reversible disulphide bridge that tethers TMH1
to the much larger MACPF domain. The mutations do not affect calcium dependent membrane binding,
however, as the TMHL1 region is locked in this manner, it is unable to unfurl and insert into the
membrane. By unlocking the disulphide bond, using the reducing agent DTT, the activity of the perforin
can be restored (Leung et al., 2017). For my experiments in this thesis, a GFP fusion protein of TMH1-
PRF was created, as describe below.

TMH1-GFP-Perforin fusion protein cDNA was cloned into the multiple cloning site of pFastBac™1

expression vector using the restriction enzymes EcoR1 and Xhol (Figure 2.1).

EcoR1 Xho1l

TMH1-PRF-GFP-HIS6

pFastBac™1

Invitrogen, Life Technologies

Figure 2.1: Vector cloning map showing details of TMH1-GFP-PRF cloning.

TMH1-GFP-PRF was cloned into pFastBac™1 bacula expression vector within the multiple cloning site, using
EcoR1 and Xhol.

2.1.2 Recombinant Perforin expression and purification

All recombinant perforin purification was performed by Ms Annette Ciccone and Ms Sandra Verschoor.
WT-PRF and WT-GFP-PRF were both cloned and purified prior to the beginning of my project, and are
first published in (Voskoboinik et al., 2004) and (Lopez, Susanto, et al., 2013) respectively. TMH1-PRF,
which provides the basis for our TMH1-GFP-PRF construct, was cloned and purified previously and is
published in (Leung et al., 2017).

Wild-type perforin (WT-PRF), perforin-GFP fusion protein (WT-GFP-PRF), and the GFP fusion protein
of TMH1-PRF (TMH1-GFP-PRF) were expressed and purified using baculovirus expression system as
described previously ((Leung et al., 2017; Lopez, Susanto, et al., 2013).
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2.2 Cell Preparation and culture

221 Cell culture

Murine cell lines EL4, P815 and MC57 were maintained in SAFC DMEM (Sigma-Aldrich, Missouri, USA)
media supplemented with 10% FCS (Gibco, Loughborough, UK), 15mM HEPES (Merck, Missouri,
USA), 44mM NaHCO3 (Merck, Missouri, USA) and 2 mM Glutamax (GIBCO, Loughborough, UK) at
37°C in 10% CO02.

2.2.2 Primary mouse OTl cells

Primary murine CD8" T cells (cytotoxic T lymphocytes, CTL) were generated from BL/6 OTI transgenic
mice, and maintained as described previously (Sutton et al., 2016). Briefly, mice were sacrificed using
CO: euthanasia or cervical dislocation; spleens were harvested and mashed through a 70um filter to
create a single cell suspension before ¥ of these cells were stimulated with 20nM SIINFEKL, 100U/ml
recombinant human IL-2 in 100ml CTL media comprised of RPMI 1640 supplemented with 10% Foetal
Calf Serum (FCS), 2mM Glutamax (GIBCO, Loughborough, UK), 50 U/ml Penicillin, 50pg/mi
Streptomycin, 1mM Sodium Pyruvate and 50uM 2-mercaptoethanol. After 3 days of stimulation,
remaining SIINFEKL was washed from the culture (by three washes in PBS (Ca/Mg-free)) and cells
resuspended in fresh CTL media containing 100U/ml IL-2 (Media was changed and IL-2 supplemented

daily). CTLs were maintained at <108 cells/mL, and used on days 4-8.

2.2.3 Primary mouse natural killer cells

BL/6 mice were sacrificed using CO:2 euthanasia or cervical dislocation; spleens were harvested and a
single cell suspension created by mashing the spleen through a 70 pum nylon filter and resuspending
them in 10ml complete NK media comprised of RPMI 1640 supplemented with 10% FCS, 2mM
Glutamax (GIBCO, Loughborough, UK), 50 U/ml Penicillin, 50ug/ml Streptomycin, 100uM nonessential
amino acids, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 50uM 2-
mercaptoethanol. This single cell suspension was then pelleted by centrifugation at 460xg for 4 minutes
and resuspended in a Magnetic-Activated Cell Sorting (MACS) buffer consisting of 2% FCS, 1mM EDTA
in PBS (Ca/Mg-free). NK cells were isolated using Stem Cell EasySep™ Mouse NK Cell Isolation Kit,
and isolated NK cells were cultured at 750,000 cells/ml in complete NK media supplemented with 1000
U/ml IL-2. On Day 5, cells were split back to 750,000 cells/ml and supplemented with fresh IL-2. These

isolated NK cells were used on Day 6 and Day 7.
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2.3 Cell transduction

2.3.1 Transduction of murine and human cell lines

HEK293T cells were plated at a density of 2x10° cells/ml on Day 0 in tissue culture treated plates and
transfected on Day 1 with the DNA constructs of interest and amphotropic packaging vector using the
calcium phosphate method (Schenborn & Goiffon, 2000). Although they are murine cells, EL4 were
found to transduce with higher efficiency using amphotropic packaging vector instead of the murine
specific pCL Eco. On Day 2 media was changed on the HEK293T cells and RetroNectin was plated
onto non-tissue culture treated plates in preparation for transduction of cell lines on Day 3. On Day 3,
RetroNectin plates were washed twice with PBS (Ca/Mg-free) and viral supernatant was harvested from
the HEK293T cells and transferred to the RetroNectin plates. Viral supernatant was then centrifuged at
2000xg for 1 hour to bring the viral supernatant and RetroNectin into close contact. Cells were then
added to these wells and centrifuged at 460xg for 4 minutes to bring the cells into close contact with
the RetroNectin/viral particles on the bottom of the plate. On Day 4, the transduced cells were removed

from the plate, resuspended in fresh media and returned to culture conditions.
2.3.2 Transduction of naive OTI CTL

HEK293T cells were plated at a density of 2x10° cells/ml on Day -3 (relative to CTL isolation on Day 0)
in tissue culture treated plates and transfected on Day -2 with the DNA constructs of interest and pCIEco
packaging vectors using the calcium phosphate method (Schenborn & Goiffon, 2000). On Day -1, media
was changed on the HEK293T cells, and RetroNectin was plated onto non-tissue culture treated plates
in preparation for transduction of naive CTL on Day 0. On Day 0, RetroNectin plates were washed twice
with PBS (Ca/Mg-free) and viral supernatant was harvested from the HEK293T cells and transferred to
the Retronectin plates. Viral supernatant was then centrifuged at 2000xg for 1 hour to bring the viral
supernatant and RetroNectin into close contact. BL/6 OTI splenocytes were isolated as described in
1.2.2, however once resuspended in CTL media supplemented with 100U/ml IL-2 and 10nM SIINFEKL,
these cells were used to replace the viral supernatant solution in the RetroNectin coated wells. Cells
were then centrifuged at 460xg for 4 minutes to bring the cells into close contact with the RetroNectin-
bound viral particles on the bottom of the plate. Thus the naive CTLs were activated in the presence of
virus and transduced over Days 0-3. On Day 3 cells were washed (by three washes in PBS (Ca/Mg-
free)) to ensure removal of any remaining SIINFEKL peptide and cells were placed back in culture at
500,000 cells/ml in fresh CTL media containing 100U/ml IL-2. On Day 4, transduced cells (as
determined by the expression of a fluorescent reporter) were FACS sorted, and maintained in culture

until use in experiments, on days 4-8.
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2.4 Cytotoxicity Assays

2.4.1 SCrrelease assay

For 5!Cr release assays (Sutton et al., 2008) (Figs 3.5a,b, 3.6a,b, 3.7b, 3.9a,b, 3.10, 3.11), 2 x 10°
target cells were incubated with 200 puCi of >1Cr (sodium chromate) in 200 pL of complete DMEM media
for 1 hour at 37 °C. Where required for antigen-dependent CTL killing assay (Figure 3.6b, 3.7b, 3.9b),
1 uM SIINFEKL peptide (GenScript, New Jersey, USA) was included in this incubation step. After 1
hour, the cells were washed three times in media appropriate for the assay: RPMI supplemented with
0.1% BSA for cholesterol loading, DMEM supplemented with 0.1% BSA for perforin titration, and
complete DMEM or RPMI for effector lymphocyte cytotoxicity assays. After washing excess 5'Cr, cells
were either loaded with cholesterol (Figure 4.10), incubated with effector cells at the desired
effector/target ratio for 4 hours (Figure 3.6a,b, 3.7b, 3.9b), or mixed with various amounts of
recombinant perforin and incubated for 1 hour (Figure 3.5a,b, 3.9a, 3.10.). These assays were
conducted in 96-well plates in either 200 puL (OTI T cell assays) or 100 uL reactions (recombinant
perforin assays). The plates were then centrifuged, supernatant collected, and its radioactivity assessed
using a 1470 Wizard Automatic Gamma Counter (Wallac, Turku, Finland). Percentage specific >'Cr
release was calculated as [(**Crassay = 3*Crspontaneous)/(>*Criotal = 3*Crspontaneous) X 100]; >Criotal Was the
level of radioactivity in target cells lysed with 1% Triton X-100, and 5!Crspontaneous Was the level of
radioactivity released by target cells incubated in the media in the absence of CTL or recombinant
perforin for 4 hours or 1 hour, respectively.

2.4.2 Flow cytometry-based cytotoxicity assay

For flow cytometry-based cytotoxicity assays, propidium iodide (PI) was used as a marker of cell death.
Propidium iodide shows a large increase in fluorescence upon binding to DNA or RNA, and because it
is impermeable to the cell membrane, it only binds nucleic acids once the cell has lost membrane
integrity. For all PI cytotoxicity assays, at the end of the given experiment cells were resuspended in
100ul of 0.1% BSA DMEM containing 1uM Pl and analysed by Flow cytometry.
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2.5 Atomic Force Microscopy (Experiments designed and performed by Dr Adrian Hodel)

2.5.1 Lipid vesicle and AFM sample preparation

Mixtures of specific lipid ratios were induced to form vesicles, which contain an aqueous core
surrounded entirely by a lipid bilayer (Figure 2.2a). These vesicles were then placed onto atomically flat
mica substrates, and induced to burst, resulting in the formation of lipid bilayers on the mica surface
(Figure 2.2b). These bilayers were then washed thoroughly in buffers appropriate for the individual

experiments (see Appendix 1- Detailed Atomic Force Microscopy Methods).

b.
Vesicle ) Lipid bilayer

Flat surface

Figure 2.2: Schematic diagram of planar lipid bilayer creation.
a.) Visual representation of a lipid vesicle

b.) Visual representation of a lipid bilayer on a flat mica surface

25.2 AFMimaging and data processing

Atomic Force Microscopy (AFM) utilises the scanning of a fine probe to create a topographical map of
the surface. The probe is scanned back and forth across the sample and the amount of deflection the
probe experiences is measured by a laser which is directed at the top of the probe (Figure 2.3.) This
measurement of deflection is indicative of variations in the height of the sample, allowing a detailed
topographical map of the surface to be created (Figure 2.4). For a more detailed Materials and Methods

for Atomic Force Microscopy, please refer to Appendix 1- Detailed Atomic Force Microscopy Methods.
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Sample scanner

Figure 2.3: Schematic representation of an Atomic Force Microscope.

A sample scanner moves the sample (lipid bilayer on mica substrate) back and forth underneath the cantilever tip.
Laser shined onto the rear of the cantilever detects deflections in the cantilever due to interactions with the lipid
bilayer surface which it is imaging. The characteristics of the surface determine the amount of deflection and therefore
where the reflected laser signal is detected, allowing information about the surface to be obtained. *These experiments

are conducted in liquid, however the liquid surrounding the lipid bilayer is not shown, for clarity.
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Figure 2.4: Atomic Force Microscopy provides a topographical map of the sample surface.

The signal collected from the movement of the cantilever is converted into 3D topography of the sample surface. In
this example, adapted from (Leung et al., 2017), a perforin pore is seen sitting within the lipid bilayer. Height trace
analysis (far right) shows much of the perforin pore sitting above the lipid bilayer, with a hole punched through the

lipid bilayer in the centre.
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Chapter 3 Cytotoxic lymphocytes are resistant to perforin binding and lysis

3.1 Introduction

Early studies of perforin activity identified that both primary cytotoxic lymphocytes and cytotoxic
lymphocyte cell lines are resistant to perforin relative to their target cells (Blakely et al., 1987; Shinkai
et al., 1988; Verret et al., 1987). An initial report suggested Homologous Restriction Factor as a broad
means of CTLs protection (Zalman et al., 1987), however this was quickly disputed and disproven (S.
B. Jiang et al., 1988). In 1994, Tschopp and Muller provided indirect evidence for a molecule
responsible for cell protection specifically against perforin (Muller & Tschopp, 1994). Since then a
number of suggestions as to this molecule’s identity have been raised without any unequivocal
conclusions being drawn. The idea that a molecule expressed on the surface of the cytotoxic
lymphocyte specifically during synapse formation provides that cytotoxic lymphocyte with protection
against perforin within the synapse has been an appealing one within the field, owing to the logic of

such a hypothesis.

The lysosomal protease Cathepsin B was suggested as the basis for one such mechanism of
lymphocyte protection from the secreted perforin. This was based on in vitro observations of cytotoxic
lymphocytes losing self-protection, when they degranulated in the presence of cathepsin B inhibitors
(Balaji et al., 2002). This putative protective mechanism was not supported by subsequent in vivo
studies, where cytotoxic lymphocytes from cathepsin B-deficient mice retained full function and were

not adversely affected by the loss of cathepsin B (Baran et al., 2006).

More recently, the externalisation of heavily glycosylated Lysosomal Associated Membrane
Protein — 1 (LAMP-1/CD107a) on the cytotoxic lymphocyte cell surface during degranulation was
proposed as a mechanism for perforin resistance (Cohnen et al., 2013). LAMP-1, along with LAMP-2,
is the most abundant membrane protein in lysosomes (Marsh et al., 1987). LAMP-1 is made up of two
N glycosylated peptide regions (amino acid positions 26-189 and amino acid positions 220-371)
connected through an O-Glycosylated ‘hinge’ motif (amino acid positions 190-219), a transmembrane
domain and a short cytoplasmic C terminal region (Fukuda, 1991). The hinge region and two main
glycosylation regions reside within the lumen of the lysosome, and are only externalised upon the fusion
of the secretory granule with the plasma membrane during degranulation. Cohnen et al hypothesised
that the LAMP-1 O-linked glycans exposed on the cytotoxic lymphocyte membrane during

degranulation were responsible for interfering with perforin function (Cohnen et al., 2013).
The cytoplasmic C-terminal region of LAMP-1 is essential for targeting LAMP-1 to lysosomes

(Williams & Fukuda, 1990), and the removal of that C-terminal His-Ala-Gly-Tyr (HAGY) peptide leads
to LAMP-1 retention on the plasma membrane (Cohnen et al., 2013) (Figure 3.1).
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Figure 3.1: Schematic diagram of the LAMP-1 protein highlighting lysosomal targeting motif.

a.) Truncation position for Ac-LAMP-1 relative to that of WT LAMP-1. Position of the lysosomal targeting motif
HAGY is shown in green, located between the respective STOP codons of WT and Ac-LAMP-1. Image adapted from
(Cohnen et al., 2013)

b.) The deletion of the LAMP-1 lysosomal targeting motif HAGY results in Ac-LAMP-1 retention on the plasma
membrane: i.) Wild-type (WT) LAMP-1 is localised to the lysosomal membrane, and only exposed on the surface of
the plasma membrane after fusion of secretory lysosomes during degranulation. 1ii) Ac-LAMP-1 is exposed

constitutively on the plasma membrane surface.

After showing moderate levels of resistance against cytotoxic granules and NK cell mediated
lysis for target cells expressing the truncated mutant of LAMP-1, Cohnen et al (Cohnen et al., 2013)
suggested that cell surface LAMP-1 was crucial for a cytotoxic lymphocyte protection against secreted
perforin and, therefore, ability to survive an immune synapse interaction. However, in the same study,
NK cells from LAMP-1 deficient mice showed only moderately higher levels of annexin V positivity (used
to indicate cell death in this study) after incubation with target cells, and also no decrease in their killing
capacity. These apparent inconsistencies cast some doubts over the importance of LAMP-1 for
cytotoxic lymphocyte resistance to perforin. It was also of note that approximately 15% of WT cytotoxic
lymphocytes were shown to die during synapse formation in this study, which was inconsistent with our
previously published single cell analyses where only a tiny proportion of effector cells was permeabilised
by perforin within an immunological synapse (<1%) (Lopez, Jenkins, et al., 2013). These considerations

led us to revisit the role of LAMP-1 in cytotoxic lymphocyte protection against perforin.
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3.2 Materials and Methods

3.2.1  Cloning of LAMP-1 constructs

For experiments performed with LAMP-1, the same premature stop codon as used in (Cohnen et al.,
2013) was introduced to truncate the C terminal region and create cell surface LAMP-1 retention. This
plasmid was cloned into the multiple cloning site of Murine Stem Cell Virus (MSCV) containing IRES-
GFP using the restriction enzymes EcoR1 and BamH1 (Figure 3.2), and is denoted Ac-LAMP-1 in the

remainder of this thesis.

EcoR1 BamH1

IRES-GFP

Ac-LAMP-1

M SCV Clontech

Figure 3.2: Vector map showing details of Ac-LAMP-1 MSCV-IRES-GFP cloning.
Ac-LAMP-1 was cloned into the multiple cloning site of MSCV-IRES-GFP using EcoR1 and BamH1. Amp: ampicillin
resistance cassette, Ac-LAMP-1: Truncated LAMP-1 sequence, IRES: Internal Ribosome Entry Site, GFP: Green

Fluorescent Protein.

3.2.2 Transduction of LAMP-1 constructs
Lamp-1 constructs were transduced following the methods described in 2.3.1 and 2.3.2.

3.2.3 Flow Cytometry

3.2.31 Fluorescence activated cell sorting for equal protein expression

To obtain consistent levels of reporter GFP expression on transduced cells isolated in different
experiments, GFP Fluorescent beads were used to calibrate the ARIAIIl flow cytometer prior to each
cell sort. Cells from the control group (MSCV-IRES-GFP) and the Ac-LAMP-1 group were then sorted
for equivalent reporter GFP expression (Figure 3.3). All sorting was performed at room temperature

under sterile conditions.

29



Jurkat EL4 CTL

100 - 100 - 1007

>

80 80 80

60 60 60

T~ MSCV
— Ac-LAMP-1

401 407 40

20 20 204

Number of events

GFP
Figure 3.3: Analysis of plasmid expression levels of transduced Jurkat, EL4 and OTI CTL.

After sorting for equal GFP reporter expression by flow cytometry, each of Jurkat, EI.4 and OTI CTL cells transduced
with either Ac-LAMP-1 MSCV-IRES-GFP or empty MSCV-IRES-GFP control showed equal GFP plasmid reporter

levels on the day of experiments.
3.2.3.2 Surface staining

For detection of cell surface expressed proteins, cells were washed in BSA DMEM, maintained on ice
and labelled with the antibody of interest (anti-CD8-allophycocyanin (APC) or anti-CD107a-
Phycoerythrin (PE)) for 20 minutes. Cells were then washed and resuspended in 100l of 0.1% BSA
DMEM, to be analysed on a Canto 2 flow cytometer (BD Biosciences, New Jersey, USA) (Figures 3.4a,

b, 3.7a, 3.8). Cells were maintained on ice until analysis.
3.2.4 Recombinant perforin cytotoxicity assays

As per section 2.4.1 in general Materials and Methods.

3.2.5 CTL cytotoxicity assay

51Cr release cytotoxicity assay was conducted as per section 2.4.1.

3.2.6  Validation of TMH1-GFP-PRF

51Cr labelled EL4 cells were incubated with increasing amounts of TMH1-GFP-PRF, washed, and then
resuspended in serum free media where the cell bound mutant perforin (with an artificial disulphide
bridge — see (Leung et al., 2017)) was unlocked by addition of 0.75mM DTT (dithiothreitol). After a 5
minute incubation, BSA was added to the media to quench DTT, and cells were incubated for a further
60 minutes at 37°C (allowing unlocked perforin to lyse the cells). Cell supernatants were then harvested

and specific 51Cr release calculated (Figure 3.11) using the formula detailed in 2.4.1.
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3.2.7 TMH1-GFP-PRF binding assay

“Cells were washed three times in DMEM containing 0.1% BSA (Roche Diagnostics, Mannheim,
Germany) and resuspended at 10° cells/mL. EL4 (not pulsed with the SIINFEKL antigen) and CTLs
were then mixed 1:1 to remain at a final concentration of 108 cells/mL. TMH1-GFP-PRF was added to
the mixture, and cells were incubated at 37 °C for 30 min. Unbound perforin was removed by washing
the cellsin 0.1% BSA DMEM, cells were stained with anti-CD8 APC (eBioscience, California, USA) and

analysed using a Fortessa X20 flow cytometer (BD Biosciences, New Jersey, USA) (Figure 3.12).”
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3.3 Results

3.3.1 Does cell surface LAMP-1 protect cells against perforin?

This section (3.3.1) was completed prior to the commencement of my degree, and is included to
provide context to the study. All experiments within this section were performed by me.

The first step in testing LAMP-1 externalisation as a protective mechanism was to create stable
cell lines that overexpress LAMP-1 on their surface. To do this, the mutant form of LAMP-1 (Ac-LAMP-
1) was cloned into an MSCV-IRES-GFP vector, and human (Jurkat) and murine (EL4) cell lines were
transduced and sorted for the same GFP reporter expression as an empty MSCV transduced cells, as
described in Materials and Methods. A >1000-fold difference of surface LAMP-1 geometric Mean
Fluorescence Intensity (MFI) was observed between the MSCV only control and the Ac-LAMP-1
transduced Jurkat cells (Figure 3.4a), and a 37-fold difference observed for EL4 (Figure 3.4b). The 2013
publication by Cohnen et al does not specify the fold difference in LAMP-1 MFI between control cells
and those expressing cell surface LAMP-1 therefore a direct comparison of the surface level of LAMP-
1 between this study and theirs is not possible. However, the histograms provided in their publication
(See Figure 3.4c below) show a similar increase in surface LAMP-1 as that shown in Figure 3.4 a, b

below.
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Figure 3.4: Analysis of surface LAMP-1 levels in cell lines transduced with MSCV-GFP or Ac-LAMP-1-
MSCV-GFP.

a.) Jurkat cells transduced with Ac-LAMP-1 (shown by solid line) have >1000 fold higher MFI of LAMP-1 than Jurkat
cells transduced with an empty vector (shown by dashed line), as detected by surface staining with anti-CD107a-
Phycoerythrin (PE) antibody.

b.) EL4 cells transduced with Ac-LAMP-1 (shown by solid line) have a 37 fold higher MFI of LAMP-1 than EL4 cells
transduced with an empty vector (shown by dashed line), as detected by surface staining with anti-CD107a-
Phycoerythrin (PE) antibody. Both histograms are representative examples of flow cytometry analysis performed on
the day of every experiment, the number of events has been standardized to the mode to allow clear comparison of
both histograms and geometric mean fluorescence intensity (MFI) values from which fold difference values were
calculated are shown next to each peak.

c.) Histogram demonstrating LAMP-1 surface expression, detected by CD107a antibody (solid black line) or isotype
control (shaded), of Hela cells used by (Cohnen et al., 2013).
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To investigate a putative role for LAMP-1 in perforin resistance, the transduced cell lines were
exposed to increasing amounts of recombinant WT perforin. The results showed that Ac Lamp-1
transduced cells were as sensitive to perforin lysis as cells with basal levels of LAMP-1 expression
(empty vector) (Figure 3.5 a,b). This was in contrast to previously published data (Cohnen et al., 2013)

showing reduced granule extract lysis of cell lines stably expressing surface LAMP-1 (See Figure 3.5¢

below)
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Figure 3.5: High surface levels of LAMP-1 do not protect common target cell lines from perforin lysis.

a.) Jurkat cells expressing high surface levels of LAMP-1 (Ac-LAMP-1) are not protected from recombinant perforin
lysis relative to cells expressing constitutive surface levels of LAMP-1 (Empty Vector)

b.) EL4 cells expressing high surface levels of LAMP-1 (Ac-LAMP-1) are not protected from recombinant perforin
lysis compared to cells expressing constitutive surface levels of LAMP-1 (Empty Vector).

c.) Relative Median Fluorescence Intensity levels of Annexin V (used as an indicator of cell death) on Hela cells
expressing high surface levels of LAMP-1 (sCD107a) or constitutive surface levels of LAMP-1 (CTRL) after

incubation with cytotoxic granules. Image taken from Figure 3B in (Cohnen et al., 2013).

Transduced cell lines were then used as targets for cytotoxic lymphocytes. If LAMP-1 exposure
protected cells from perforin, reduced killing would be expected in the Ac-LAMP-1 expressing cells, as
perforin activity is crucial for the delivery of granzymes into the target cell cytosol to initiate apoptosis
(Voskoboinik et al., 2015). Jurkat cells expressing high (Ac-LAMP-1) and constitutive (MSCV vector
alone) levels of surface LAMP-1 were incubated with isolated primary human NK cells, and no
difference in killing levels was observed (Figure 3.6a). To further investigate any potential protection
surface LAMP-1 may provide against cytotoxic lymphocytes, EL4 cells expressing high (Ac-LAMP-1)
and constitutive (MSCV) levels of surface LAMP-1 were labelled with the SIINFEKL peptide antigen
and used as targets for syngeneic BL/6.0OTI CTLs. Similar to the results with NK cells, no difference in
killing levels between the two types of target cells was observed (Figure 3.6b). This is in contrast to
Figure 2a from Cohnen et al (Cohnen et al., 2013), which demonstrated protection of Hela cells
expressing surface LAMP-1 from NK cell killing using ®1Cr release assays (See Figure 3.6¢ below). We
have, therefore, shown with recombinant perforin as well as in two different cellular systems
(representing innate and adaptive immunity) that high surface levels of LAMP-1 do not protect cells

from perforin or cytotoxic lymphocyte killing.
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Figure 3.6: High surface levels of LAMP-1 do not protect common target cell lines from cytotoxic lymphocyte
killing

a.) Specific 'Cr release of Jurkat cells upon incubation with IL-2 activated primary human NK cells, graphed as a
function of the effector to target cell ratio (E:T ratio). There is no significant difference in killing levels between Jurkat
cells transduced with an empty vector and with Ac-LAMP-1. Each data point represents a mean (+ s.e.m.) of 3
independent experiments; curves represent Michaelis-Menten fits to the data.

b.) Specific >'Cr release of SIINFEKL labelled EL4 cells upon incubation with activated WT OTI cells, graphed as a
function of the effector to target cell ratio (E:T ratio). There is no significant difference in killing levels between ELL4
cells transduced with an empty vector and with Ac-LAMP-1. Each data point represents a mean ( s.e.m.) of 3
independent experiments; curves represent Michaelis-Menten fits to the data.

c.) Percentage specific lysis incurred by control (CTRL) and high LAMP-1 surface expressing (Scd107A) Hela cells
incubated with II.-2 activated human NK cells, image taken from Figure 2A, (Cohnen et al., 2013).

With no significant protection observed in this model system, it was decided to transduce Ac-
LAMP-1 into primary murine WT CTLs in order to examine the effect of LAMP-1 surface exposure on
the cytotoxic activity of these cells, i.e. whether surface expression of LAMP-1 makes these cells more
efficient killers. Figure 3.7a shows a representative histogram of surface LAMP-1 expression for both
the Ac-LAMP-1 transduced cells and MSCV only control. A 46-fold difference in LAMP-1 MFI was
observed. Figure 3.7b shows that WT OTI CTL'’s that possess high levels of surface LAMP-1 do not
become more efficient killers.
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Figure 3.7: Analysis of surface LAMP-1 levels and killing efficiency of WT OTI CTLs transduced with
MSCV-IRES-GFP or Ac-LAMP-1 MSCV-IRES-GFP.

a.) WT OTI CTLs transduced with Ac-LAMP-1 (shown by solid line) have a 46 fold higher MFI of LAMP-1 than
WT OTI CTLs transduced with an empty vector (shown by dashed line), as detected by surface staining with anti-
CD107a-Phycoerythrin (PE) antibody. Histogram is a representative example of flow cytometry analysis performed
on the day of every experiment, the number of events has been standardized to the mode to allow clear comparison
of both histograms and geometric mean fluorescence intensity (MFI) values from which fold difference values were
calculated are shown next to each peak.

b.) Specific 3'Cr release of SIINFEKL labelled EL4 cells upon incubation with activated WT OTI CTLs, graphed as
a function of the ratio of the effector to target cell ratio (E:T ratio). There is no significant difference in killing
efficiency between WT OTI CTLs transduced with an empty vector and those transduced with Ac-LAMP-1. Each
data point represents a mean (£ s.e.m.) of 3 independent experiments; curves represent Michaelis-Menten fits to the

data

After observing no increase in the killing efficiency of WT OTI CTLs transduced with Ac-LAMP-
1, it was decided to transduce Ac-LAMP-1 into primary murine Prfl” OTI CTLs, to determine if the
overall CTL membrane of Ac-LAMP-1 expressing cells was more resistant to recombinant perforin than
cells transduced with the empty vector control. Figure 3.8 shows a representative histogram of surface
LAMP-1 expression for both the Ac-LAMP-1 transduced Prf1”- OTI CTLs and MSCV only control. A 135

fold difference in surface LAMP-1 MFI was observed.
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Figure 3.8: Analysis of surface LAMP-1 levels in Ptfl-/- OTI CTLs transduced with MSCV-IRES-GFP ot
Ac-LAMP-1 MSCV-IRES-GFP.

Prft”- OTI CTLs transduced with Ac-LAMP-1 (shown by solid line) have a 135 fold higher MFI of LAMP-1 than
Prft’- OTT CTLs transduced with an empty vector (shown by dashed line), as detected by surface staining with anti-
CD107a-Phycoerythrin (PE) antibody. Histogram is a representative example of flow cytometry analysis performed
on the day of every experiment, the number of events has been standardized to the mode to allow clear comparison
of both histograms and geometric mean fluorescence intensity (MFI) values from which fold difference values were

calculated are shown next to each peak.

The transduced CTLs expressing high levels of LAMP-1 on their cell surface and those which
had constitutive surface exposure of LAMP-1 (empty vector) showed equal sensitivity to recombinant
perforin (Figure 3.9a), similar to the earlier observations using target cells (Figure 3.5). Transduced
Prfl”- OTI CTLs still expressed MHC1 (required for SIINFEKL antigen presentation), therefore it was
possible to use them as targets for WT OTI CTL killing. Once again, consistent with our experiments
using cell lines overexpressing Ac-LAMP-1, Prf1”- OTI CTLs with high surface LAMP-1 expression were
not protected from WT OTI CTL killing (Figure 3.9b).
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Figure 3.9: High surface levels of LAMP-1 do not protect Ptfl-/- OTI CTLs from recombinant petfotin lysis
or killing by WT OTI CTLs.

a.) 5ICr release of Prf1”- OTI CTLs upon exposure to recombinant WT-PRF. There is no significant difference in
sensitivity between cells transduced with an empty vector and with Ac-LAMP-1.

b.) Specific 5!Cr release of SIINFEKL labelled Prf7”- OTI CTLs upon incubation with activated WT OTI CTLs,
graphed as a function of the ratio of the effector to target cell ratio (E:T ratio). There is no significant difference in
killing levels between Prf7”- OTT CTLs transduced with an empty vector and those transduced with Ac-LAMP-1. Each
data point represents a mean (* s.e.m.) of 3 independent experiments; curves represent Michaelis-Menten fits to the

data.

Taken together, these results contradict findings by (Cohnen et al. 2013) and strongly suggest
that LAMP-1 externalisation is not important for cytotoxic lymphocyte resistance to perforin. What was
interesting to note from these experiments however, was the vast difference in sensitivity of CTL and
EL4 target cells to perforin: compare perforin concentration required for 50% lysis in figure 3.9a and
figure 3.5b. Even though these experiments were not conducted simultaneously, the difference in

perforin sensitivity was so prominent that we went on to investigate it further.
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3.3.2 Primary protection; primary cytotoxic lymphocytes are less sensitive to
recombinant perforin lysis when compared to common cell lines

Sections (3.3.2 and 3.3.3) were completed with the technical assistance of Ms. Tahereh Noori. After |
designed and optimised the experiments, she performed independent replicates and collated the data.
| finalised all data presentation and calculated the fold difference values detailed in Fig 3.10.

Having observed that higher levels of perforin may be required to achieve lysis of CTLs
compared to the EL4 target cells, it was decided to directly compare CTL and their commonly used in
vitro targets. This type of experiment has been performed previously using granule extract (Blakely et
al., 1987; Verret et al., 1987), however without the availability of purified recombinant perforin there is
a potential for contamination with granzymes/proteases which could potentiate cell death though
synergy with perforin. Here we compared cytotoxic lymphocyte resistance to recombinant purified
perforin using the 5!Cr release assay. In agreement with our preliminary observations (Figure 3.5b and
3.9a) CTL and NK cells were 155 and 331 fold more resistant to Perforin than their respective targets,
EL4 and P815 (Figure 3.10).
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Figure 3.10: “Cytotoxic lymphocytes are resistant to perforin lysis.

Sensitivity of CTLs, natural killer (NK) cells, EL4 and P815 target cells to recombinant WT-PRF was assessed using
SICr release cytotoxicity assay. Cytotoxic lymphocytes are 155 (CTL) and 331 (NK) fold more resistant than their
respective target cells (EL4 and P815), as assessed at 50% >!Cr release (dotted lines). Each data point represents a
mean ( standard error of mean, s.e.m.) of 3 independent experiments. Curves represent Michaelis-Menten fits to the

data.”
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This striking difference, combined with the recent single cell analysis showing that the cytotoxic
lymphocyte membrane almost invariably remains intact within the immune synapse (Lopez, Jenkins, et
al., 2013), it became apparent that cytotoxic lymphocyte resistance to perforin lysis is a crucial part of
cytotoxic lymphocyte self-protection. The question to be addressed is then: How does the cytotoxic

lymphocyte membrane resist perforin lysis?

A method was developed to test if the CTLs were inherently resistant to any of the three stages
of perforin pore formation: plasma membrane binding, insertion and lysis. At 37°C, WT-PRF binds,
inserts and forms cytolytic pores on the plasma membrane of cells. Therefore, to uncouple perforin
binding from insertion and pore formation, a non-lytic mutant was required. The previously described
TMH1-PRF mutant (Leung et al., 2017) provides such a non-lytic form of perforin. Mutations replacing
alanine and tryptophan residues at amino acid position 144 and 373, respectively, with cysteine
residues results in the formation of a new, reversible disulphide bridge that tethers TMH1 to the much
larger MACPF domain. The mutations do not affect calcium dependent membrane binding, however,
as the TMHL1 region is locked in this manner, it is unable to unfurl and insert into the membrane. By
unlocking the disulphide bond, using the reducing agent DTT, the activity of the perforin can be restored
(Leung et al., 2017).

To visualise perforin on the cell, we previously generated PRF-GFP fusion protein, which
maintained recombinant WT activity (Lopez, Susanto, et al., 2013). We, therefore, decided to generate
TMH1-GFP fusion protein. To maintain consistency with our perforin binding assay experimental
conditions, where whole cells were exposed to TMH1-GFP PRF and GFP fluorescence detected, the
ability of DTT to reduce the disulphide bond and unlock TMH1 was tested in a whole cell setting. Without
DTT addition, none of the perforin concentrations tested affected cell viability. However, following
addition of 0.75mM DTT, cell viability decreased with increasing perforin concentration (Figure 3.11),
similar to the earlier report using TMH1-PRF (Leung et al., 2017). Importantly, DTT alone showed no
effect on cell viability based on a control group included within these chromium assays in which cells
were treated with DTT but not perforin (data not shown). This experiment confirms that TMH1-GFP-
PRF mimics the ability of TMH1-PRF to be ‘unlocked’ by reducing the disulphide bridge. We, therefore,
validated an experimental system that enabled us to uncouple and visualise PRF binding to the plasma

membrane, and monitor this separately from target cell lysis using flow cytometry and microscopy.
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Figure 3.11: “Functionality of TMH1-GFP-PRF as assessed by 5!Cr release assay.

Recombinant TMH1-GFP-PRF is not cytotoxic to EL4 cells over a wide range of perforin concentrations (-DTT).
However, when 0.75 mM DTT is added to this cell-bound perforin, the engineered disulphide-bond of TMH1-GFP-
PRF is unlocked. As a consequence, non-toxic TMH1-GFP-PRF becomes cytolytic, as demonstrated by EL4 cell lysis
(TMH1-GFP-PRF concentration-dependent >'Cr release in the presence of DTT). Each data point represents a mean
(% standard deviation, SD) of 3 independent experiments; curves represent Michaelis-Menten fits to the data. Perforin

schematics show the locked and unlocked TMH regions and are adapted from (Leung et al. 2017).”
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3.3.3 Differential perforin binding to CTLs and target cells

Having confirmed that TMH1-GFP-PRF and WT-PRF have similar membrane binding
properties, an assay was designed to assess TMH1-GFP-PRF (as a surrogate WT-PRF) binding to
whole cells. The fluorescence of cells which have been incubated with TMH1-GFP-PRF can be easily
assessed by flow cytometry as a read-out of perforin binding. To compare perforin binding to two
different cell types, the cells were first combined in a 1:1 mixture to ensure perforin binding conditions
were the same for both cell types. After perforin incubation and subsequent washing, cells were stained
with anti-CD8-allophycocyanin (APC) to allow differentiation of the two cell types during analysis. In this
way, once the cells had been analysed by flow cytometry, the Geometric mean fluorescence of the GFP
channel could be calculated separately for both the CD8 positive and negative cells. However, when
comparing two different cell types in this way, disparities in cell size need to be addressed. Any
difference in cell surface area may affect the available membrane surface for perforin to bind to, and
therefore affect the measured fluorescence geometric mean intensity. Therefore, during analysis the
viable cell morphology gates were set based on individual cell controls, first including all viable EL4s,
then modified from that gate to include only the overlapping morphology region existing with CTLs
(Figure 3.12a). The two cell types were then differentiated by their anti-CD8-allophycocyanin (APC)
signal (as CD8 is only expressed on the CTLs), and their GFP binding levels analysed (Figure 3.12b).

Using these optimised experimental conditions, it was found that the amount of TMH1-GFP-
PRF bound to the CTLs is only one-third to one-half the amount bound to CD8" cells (EL4) (Figure
3.12c). However, the difference in perforin bound was not large enough to solely account for the
difference in perforin lysis levels found between EL4 and OTI CTLs (Figure 3.10). This suggested that
reduced perforin binding on the CTL membrane is at best only partly responsible for perforin resistance,

prompting us to investigate further — as described in the following chapters.
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Figure 3.12: “Binding of TMH1-GFP-PRF to a 1:1 mixture of CTLs and EL4 cells, as assessed by flow
cytometry.”

a.) Gating strategy to assess cells of the same size: During analysis, the viable cell morphology gate is first set using
an EL4 control, before being transferred to the CTL control and trimmed to include only viable CTLs. This optimised
gate that includes only viable cells that are present in both EL4 and CTL populations is then applied to the
experimental samples that contain a 1:1 mixture of EL4s and CTLs

b.) From this morphology gate, the clearly distinct CD8- and CD8" populations (stained with anti-CD8-
allophycocyanin (APC)) within the 1:1 mixture are gated for (using single cell type controls) and their Geometric Mean
Fluorescence values calculated.

c.) “Average GFP geometric mean fluorescence intensity (MFI) of CD8- and CD8* gates plotted as a function of
TMH-GFP-PRF concentration. Each data point represents a mean (T s.e.m.) of 3 independent experiments. Curves

represent Michaelis-Menten fits to the data.”
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3.4 Discussion

A comprehensive series of experiments that investigated the putative role of LAMP-1 in
cytotoxic lymphocyte self-protection showed unequivocally that cells expressing over two-orders of
magnitude higher level of LAMP-1 than control cells had gained no protection from purified recombinant
perforin lysis or cytotoxic lymphocyte mediated killing. This finding disputes the previously proposed
role of LAMP-1 in cytotoxic lymphocyte self-protection (Cohnen et al., 2013), leaving the question of
what protects a cytotoxic lymphocyte during immune synapse formation unanswered. However, it
became apparent during the investigation of LAMP-1, that cytotoxic lymphocytes (both, CTL and NK
cells) are far more resistant to perforin (over two orders of magnitude) than their targets. This was
subsequently confirmed by a direct comparison of these cell types, and the observed difference found
to hold true for both murine CTLs and murine NK cells, relative to two common murine target cell lines,
EL4 and P815.

After confirming the extraordinary resistance of primary cytotoxic lymphocytes to purified
perforin, a novel GFP tagged TMH1-locked version of recombinant perforin allowed the comparative
analysis of perforin binding levels between effector and target cells. Previous attempts to analyse
perforin binding levels of cells have relied on in-direct competition assays (S. Jiang et al., 1990) or have
been affected by experimental artefacts owing to the difficulty of distinguishing perforin binding and lysis
when using perforin antibodies with flow cytometry (Lehmann et al., 2000; Sunil S. Metkar et al., 2001).
In our system however, the non-lytic GFP fusion of TMH locked perforin allows a direct measurement
of perforin binding without any compounding effects of cell lysis. Crucially, perforin binding levels are
compared only between cells gated for the same morphology, ensuring no artefacts are encountered
due to the available cell surface area for perforin binding. The ability to treat both cell types with perforin

simultaneously ensured their exposure to identical perforin-binding conditions.

The observed difference in perforin binding to CD8~ (EL4) and CD8" (CTL) cells suggests that
reduced perforin binding is a substantial, but clearly not an exclusive factor in a cytotoxic lymphocyte’s
ability to resist perforin lysis. That the cytotoxic lymphocyte membrane can interfere with perforin binding
is intriguing, as “perforin does not require partner proteins for its membrane binding and pore formation”
and it also has no known inhibitors in the CTL membrane (Baran et al., 2006). One explanation however
could lie within the hypothesis that CTL plasma membranes are more resistant to perforin binding and
pore formation due to their lipid spacing (Antia et al., 1992). Although a direct correlation between
plasma membrane lipid spacing and perforin resistance was shown to not hold for all cell lines at the
time (Ojcius et al., 1990), these studies were both performed using what are now somewhat outdated
techniques. Interestingly, studies using artificial membranes and measuring pore formation indirectly by
detecting changes in conductance across the membrane found that small incomplete pores were able
to form more readily on a disordered membrane whilst full pores were less readily formed but appeared
to be more stable on an ordered membrane (Praper et al., 2011). The obvious limitation of this study
was the use of artificial membranes systems in place of living cell membranes and the indirect

measurement of pore formation by conductance. The overall concept of membrane order affecting
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perforin function is further supported by observations made with other pore-forming toxins (Rojko &
Anderluh, 2015). With the availability of recombinant perforin, newly designed probes for membrane
order, as well as biochemical agents for specifically disrupting membrane order, we next decided to
examine the role of lipid composition, specifically lipid spacing (order), on cytotoxic lymphocyte

resistance to perforin.
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Chapter 4 High lipid order protects the plasma membrane from perforin
binding

4.1 Introduction

4.1.1 Lipids in Cellular Membranes

Lipids are molecules which are soluble in organic solvents but insoluble in water. They provide
a crucial unit of energy storage for cells, as well as functioning in the structure of the cell by contribution
to plasma and internal organelle membranes. Lipids are amphipathic, containing both a polar
hydrophilic head group and a non-polar hydrophobic tail. It is this special property that allows lipid
bilayers to form, where the hydrophobic tails interact to shield themselves from water, exposing the
hydrophilic head groups on either side of the bilayer (Figure 4.1). Hydrophobic forces encourage lipid
bilayer formation and this enables cells to use them as barriers between themselves and their

environment. Many proteins reside in the membranes of cells, creating a complex interplay.
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Figure 4.1: Basic structure of the phospholipid bilayer.
Hydrophobic forces result in phospholipid bilayer formation, where the hydrophobic tails of separate phospholipids

interact together, shielded from water by their hydrophilic heads that orientate to the outside of the layer.
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There are three main classes of lipid which contribute to plasma membranes in mammalian
cells. Glycerophospholipids are the most common, generally consisting of a glycerol backbone with two
long carbon chain tails and one phosphate group. One of the OH- groups on the phosphate is generally
esterified to another component, and the identity of this component distinguishes the
glycerophospholipid. For example, if the component is choline, the glycerophospholipid becomes
phosphatidylcholine (PC) (Figure 4.2a). When the component is serine, the glycerophospholipid
becomes phosphatidylserine (PS) (Figure 4.2b) (Blanco & Blanco, 2017). Phosphatidylethanolamine
(PE) is another common glycerophospholipid found in cellular membranes, however in this study we

focus on PC and PS, and PE will not be further discussed in the scope of this thesis.

As a second group, sphingolipids consist of a sphingosine backbone, a fatty acid tail and a
phosphate group with choline attached. One of the most predominant forms of sphingolipid found in
mammalian cells is sphingomyelin (SM) (Figure 4.2c) (van Meer et al., 2008). Numerous forms of SM
exist with variations in length and saturation of the fatty acid tail.

The third main group of lipids relevant to the study of mammalian plasma membranes are the

sterols, which consist of a hydrophobic tail, a rigid sterol backbone consisting of four carbon rings, and
a hydrophilic OH- headgroup. The most relevant sterol to this study is cholesterol (Figure 4.2d).
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Figure 4.2: Structural comparison of the three main components of cellular membranes;

glycerophospholipids, sterols and sphingolipids.

Shown are the most common forms found in cellular membranes that are utilised in this study: phosphatidylcholine,

phosphatidylserine, cholesterol and sphingomyelin.
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4.1.2 Cholesterol and membrane order

Since cholesterol is smaller than both glycerophospholipids and sphingolipids, it can occupy
the space between them and thus impose membrane order. In this way, regions of membrane which
are initially in a liquid disordered phase can be transformed into liquid ordered phase by increasing the
cholesterol content (Figure 4.3). It is of note that cholesterol can also transform a solid ordered lipid
phase back towards the liquid ordered phase (van Meer et al., 2008). Variation in the lateral packing of
lipids between liquid disordered and liquid ordered membranes results in a height difference of
approximately 1nm (Das et al., 2010).

The melting temperature of lipid types is another crucial determinate of membrane order at a
given temperature. In this study, to represent liquid ordered and disordered systems, we use ternary
lipid mixtures of PC, SM and cholesterol. The type of PC used (DOPC) has a melting point of -17 °C
and therefore constitutes the liquid disordered phase at 37 °C, while egg SM sequesters with cholesterol
to form liquid ordered domains.

Liquid Disordered Liquid Ordered

Cholesterol

Figure 4.3: Schematic diagram showing the difference in lipid packing between liquid disordered and liquid
ordered membrane phases.

The close packing of lipids in regions of ordered membrane results in their hydrophobic tails adopting a more
elongated arrangement, compared to that of a disordered membrane. The incorporation of cholesterol into a
disordered membrane can increase membrane order, with cholesterol occupying the space between lipids as shown

above. Image adapted from (Metzler et al., 2076).
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4.1.3 Modification of membrane order using 7-Ketocholesterol (7KC)

Cholesterol plays a crucial role in determining membrane order (van Meer et al., 2008).
However, by incorporating a form of cholesterol (7KC) that contains a ketone group sidechain, plasma
membranes can be made more disordered, due to the steric hindrance of the ketone group maintaining
space between phospholipids (Massey & Pownall, 2005) (Figure 4.4). This technique of incorporating
7KC into plasma membranes to alter membrane order has been used widely in the field of membrane
biology (Owen et al., 2010; Rentero et al., 2008) and involves the incorporation of Methyl 3-cyclodextran
(MBCD)/7KC complexes into the plasma membrane, increasing the overall level of sterol in the
membrane (Rentero et al., 2008), but reducing the membrane order. The experiments can be controlled
by incorporating unmodified cholesterol under the same conditions, to specifically study the impact of

membrane disorder due to the incorporation of 7KC.

Figure 4.4: Incorporation of 7KC into plasma membranes increases spacing between lipids.
Schematic diagram showing the extra ketone group (green) extending from the cholesterol body (orange) creating

spacing between phospholipids (blue) in the plasma membrane. Image adapted from (Massey & Pownall, 2005)
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4.1.4 Laurdan as a probe of membrane order

Development of the membrane dye 6-Dodecanoyl-2-dimethylaminonaphthalene (Laurdan),
has allowed the visualisation and quantitation of lipid order in whole cells (Owen et al., 2012). Laurdan
incorporates into membranes and aligns with the hydrophobic tails of the phospholipids (Gaus et al.,
2006) (Figure 4.5a). Laurdan reports on the amount of water which is able to penetrate the membrane,
which is increased in loosely packed disordered membranes (Bagatoll et al., 1999; Bagatolli et al.,
1998). Water penetration results in close proximity of polar water molecules to Laurdan, whose emission
spectrum is solvent polarity dependent (Gaus et al., 2006), therefore a longer wavelength emission is
observed when Laurdan is located in disordered membranes (Figure 4.5b). In this way a ratio of the
fluorescence from the ordered and disordered regions of emission can be used to determine the lipid

order.

Visualising lipid rafts has previously relied heavily on the staining of cells for proteins which are
known to generally localise in lipid raft fractions, such as fluorescently labelled cholera toxin B subunit
(CTxB) which binds to the raft associated ganglioside monosialotetrahexosylganglioside (GM1). In such
a system, it is assumed that the presence of GM1 indicates a lipid raft phase and, therefore, high lipid
order. In contrast, Laurdan provides a direct measurement of lipid order, and also avoids the potential
cross linking of rafts which is associated with use of CTxB (Hammond et al., 2005). Using both Laurdan
(Gaus et al., 2005), and other similar solvent polarity sensitive dyes (Owen et al., 2010), an increase of
order at the pre synaptic membrane during synapse formation of CD4* T cells has been demonstrated.
This correlates with the previously observed accumulation of lipid raft markers at the pre synaptic

membrane (Tavano et al., 2004; Viola et al., 1999).

Emission Intensity

.

400 500 600 700 800
Wavelength (nm)

Figure 4.5: Laurdan excitation/emission spectrum.

a.) Laurdan (orange) aligns with the hydrophobic tails of phospholipids (blue), regardless of their headgroup. Diagram
adapted from (Gaus et al., 2006)

b.) Laurdan is excited by 400nm wavelength and emits predominantly in the range of 440nm (Purple shading) when
located in ordered membrane or 490nm (blue shading) when located in disordered membrane. Diagram adapted from

(Owen et al., 2012)
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Laurdan Fluorescence has two major peaks, Aem=~440nm (ordered) and Aem=~490nm
(disordered) (Figure 4.8); the ratio of fluorescence intensity from these two regions is used to assess
membrane order. To obtain this ratio, emission intensity (following excitation at 405nm) is collected
every 8.9nm, from 410nm to 695nm; then the two regions of interest, those centred on 450nm and
490nm, are used to calculate the ratio. A schematic diagram of lambda stack collection using Laurdan

is shown in Figure 4.6.

a.. 32-channel
GaAsP detector
Sample Disordered
Dispersion
Emission ‘
b.. Ordered

Emission Intensity

400 500 600 700 800
Wavelength (nm)

Figure 4.6: Schematic diagram detailing the collection of a lambda stack using laurdan.

a.) Sample emission (following excitation at 400nm) is passed through a prism which disperses the light into 8.9nm
wavelength increments (apparent size of wavelength sections in figure is increased for visualisation purposes).

b.) The level of fluorescence in each of these channels informs the level of membrane order. A representative image
of a lambda image of a CTL is provided as an inset. For analysis using the MATLAB ‘spectral imaging toolbox) the
peaks centred in the ordered and disordered regions (in this example, A2 and A4) are used to calculate the GP ratio.
*Image in Figure 4.6b has had brightness/contrast/sharpness adjusted for display putposes™ Inage adapted from (Sezgin
et al., 2015)

51



4.2 Materials and Methods

421 AFM

For details of AFM imaging, please refer to the concise summary provided in 2.5 Atomic Force

Microscopy, and the detailed AFM methods provided in Appendix 1.
4.2.2 T7KCloading

“Cholesterol or 7-ketocholesterol (7KC) (both Sigma Aldrich, Missouri, USA) were dissolved in 100%
ethanol at 15 mg/mL and mixed at different ratios. Cholesterol/7KC mixtures (as well as 100%
cholesterol or 100% 7KC) were added drop-wise over a period of 30 min, to a solution of 50 mg/mL
methyl--cyclodextran (MBCD, Sigma Aldrich, Missouri, USA) in PBS, which was heated to 80 °C, to
achieve the final sterol stock concentration of 1.5 mg/mL (Rentero et al., 2008). Cells were washed 3
times in 0.1% BSA RPMI-1640 (GIBCO, Paisley, UK) before being resuspended at 0.5x10%mL. Up to
2.25 pl of cholesterol/7KC stock solutions in MBCD were then added to 1 mL of cells; the cells were
incubated at 37 °C for 30 min, the washed 3 times in 0.1% BSA DMEM, resuspended at 10%/mL and

immediately used for the desired experiment.”
4.2.3 Osmosis Assay

To test for non-specific sensitisation of 7KC treated cells, an experiment was designed to assess the
osmotic sensitivity of treated and untreated cells. Cells were first labelled with 5'Cr (see 2.4.1 5Cr
release assay), washed and loaded with 7KC/Chol mixture. These cells were then serial diluted in
solutions containing various ratios of RPMI (containing 110mM NacCl) and H20, from 100:0 to 0:100. In
this way the salt concentration was serially diluted, progressively decreasing the osmolality of the
solution. These cells were incubated for 4 hours at 37 degrees, 5% CO.. Supernatant was harvested

and cell lysis measured as % specific 5!Cr release.
4.2.4 Laurdan Microscopy

“Cells were incubated in 0.1% BSA DMEM supplemented with 5uM Laurdan (Molecular Probes,
Oregon, USA) in DMSO for one hour. Cells were then pelleted and resuspended in 250ul serum-free
DMEM before being plated out in 8-well Nunc Lab-Tek Il #1.5H glass bottom chamber wells
(ThermoFisher Scientific, Massachusetts, USA). After allowing the cells to adhere for 20 min at 37°C,
50 pl of 0.5% BSA solution was added to maintain cell viability during imaging. Lambda stacks were
recorded using a Zeiss Elyra PS.1 microscope with a Tokai Hit stage/objective heater attached, and
5% CO2/humidity maintained (Zeiss, Oberkochen, Germany). An optical zoom of 2 was applied to a
Plan-Aporchromat 63X / 1.4 Qil DIC lens (Zeiss, Oberkochen, Germany) and images were obtained

every 8.9 nm from 410 nm — 695 nm using a line average of 16.”
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“Recorded lambda stacks were exported to the Spectral Imaging Toolbox in Matlab (Aron et al., 2017),
where the data was segmented to isolate the Laurdan signal from the plasma membranes of individual
cells and the generalized polarization (GP) of the plasma membrane calculated. Images of a reference
solution (Laurdan in DMSO) were obtained with the same microscope settings as used for the imaging
of cells, and a reference value (GPr) of 0.207 was used for Laurdan, as obtained per (Owen et al.,
2012). For detailed description of GP calculation using the Spectral Imaging Toolbox, see Ref. (Aron et

al., 2017), however the basic principle for membrane order GP calculation is described in equation 1.”

I order — Gl disorder
I order + Gl disorder

GP

Equation 1: Calculation of GP value. Equation adapted from (Owen et al., 2012), where Iower = intensity of signal
within the ordered region, ldisorder = intensity of signal within the disordered region, G = calibration factor, determined

by relative background fluorescence of the solution in each emission region in the absence of cells.
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4.3 Results

4.3.1 Lipid bilayer regions containing high levels of sphingomyelin and cholesterol
are refractory to perforin binding and pore formation

The experiments described in this section (4.3.1) were designed and performed by Dr Adrian Hodel and
are included to provide context to the study.

To determine the role of plasma membrane lipid order on perforin binding and cytotoxicity,
experiments were designed to compare perforin binding and pore formation on membranes in which
lipid order was systematically varied. A ternary mixture of cholesterol, sphingomyelin (SM) and (liquid-
phase) phosphatidylcholine (PC) is a commonly used biophysical model of the plasma membrane. By
modifying the ratio of its components, it has been successfully applied for assessing the behaviour of
membranes with different lipid order (Connell et al., 2013; Simons & Vaz, 2004; Veatch & Keller, 2005).
In phase-separated membranes, atomic force microscopy provided sufficient resolution to distinguish
regions of high and low membrane order due to their 0.5-1nm differences in height (as demonstrated
schematically in Figure 4.3). Perforin was then added to these membranes, allowing perforin binding

and pore formation to be assessed by AFM imaging (see Appendix 1).

A surprisingly explicit result was observed, with WT-PRF showing a clear preference for pore
formation on disordered membranes with high concentrations of DOPC. At the same time, no WT-PRF
pores were formed on highly ordered membranes that contained high concentrations of SM and Chol
(Figure 4.7).
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Figure 4.7: “Lipid order protects synthetic membranes from perforin pore formation.

a.) Perforin coverage (as % of membrane surface) after incubation of supported DOPC/egg SM/cholesterol bilayers
with 150 nM WT-PREF, as a function of the molar fractions (x) for the constituents of the bilayer (total = 1).

b.) AFM images of perforin pores on supported lipid bilayers of the compositions labelled in a. AFM samples were
incubated and imaged at 37 °C. Dashed lines highlight phase boundaties in the lipid membrane. For the area matrked
by a pink square in the top right image, the colour scale has been saturated (4 nm instead of 25 nm full range) to more
clearly identify the enhanced thickness (height) of a liquid-ordered domain and the absence of perforin pores (white

at this scale) on such domains.”

Having determined a preference of WT-PRF pore formation on disordered membranes, it was
necessary to determine if this was a consequence of increased perforin binding (the first step of perforin
pore formation), or more efficient pore formation. To test this, a non-lytic mutant of perforin (TMH1-PRF)
was utilised as it allows the analysis of perforin binding independently from insertion and pore formation.
As before (Figure 3.8), DTT was used to unlock the lipid bilayer bound TMH1-PRF.

Lipid bilayers of varying membrane order were generated by altering the proportion of PC, SM
and cholesterol in the ternary mixture, as shown by the 0.5-1nm difference in height between ordered
and disordered domains (Figure 4.8a.i.). Upon addition of the locked TMH1-PRF, the height trace
increased by around 11nm (height of perforin prepores) within the disordered region, but remained the
same in the ordered region (Figure 4.8aii). This showed that perforin was able to bind only to the
disordered region of the membrane. Upon the addition of DTT, the TMH1-PRF mutant was unlocked
and the bound perforin completed the transition from pre-pore to pore (Figure 4.8 a.iii., b.). As expected,
pores were seen only on the disordered region, confirming that perforin bound to the disordered

membrane domains remained fully functional and did not translocate into ordered regions.
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Figure 4.8: “Prepore-locked TMHI1-PRF binds to disordered domains on phase separated lipid membranes.
a.) AFM images of an approximately equimolar DOPC/egg SM/cholesterol supported lipid bilayer, showing phase
separation between liquid-disordered (I.) and liquid ordered (L) domains, with the L. phase appearing higher

(thicker) than the L phase in the “lipid only” image. The phase boundaries are highlighted by dashed white lines.
Prepore-locked perforin (TMH1-PRF -DTT) appears as diffuse plateaus due to its mobile nature (Leung et al., 2017),
exclusively bound to the L, domains. Upon exposure to DTT, these mobile prepores transform into static pores
(TMH1-PRF +DTT).

b.) Higher-magnification images of the areas indicated by the dashed blue rectangles in a. The L, domain shows a
dense coverage of arc- and ring-shaped pores, whereas the L domains remains empty.

c.) Height profiles as recorded along the blue, dashed lines in the AFM images in a and b. The phase separation on
the empty membrane (i) is visible as a 0.5-1 nm height difference, and the phase boundaries are indicated by vertical
arrows. Addition of TMH1-PRF (-DTT/+DTT, ii-iv) leads to the formation of ca. 11 nm high features, cortesponding
to the height of perforin prepores and pores (Law et al., 2010; Leung et al., 2017; S. S. Metkar et al., 2015). Grey,
dashed lines indicate the height of the membrane (0 nm) and of a perforin monomer (11 nm (Law et al., 2010)). The
differences in measured perforin height between traces ii, iii and iv are attributed to variations in the applied forces in

the AFM experiments. The sample was incubated and imaged at 37°C. Colour (height) scale as in Figure 4.7b.”

Having demonstrated the phospholipid specificity of perforin binding in synthetic lipid bilayers,
the next step was to investigate the effect of membrane order in intact cells. To achieve this, different
experimental techniques were required. The plasma membrane of cells is a complex mixture of proteins
and lipids, arranged in a far less uniform 3-dimensional orientation than the planar bilayers required for
high resolution AFM. In the following experiments performed on live cells, Laurdan provided a useful
tool for assessing membrane order in live cells, whilst the introduction of an oxidised form of cholesterol

(7KC) into plasma membranes of live cells allowed us to vary membrane order.
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4.3.2 Anarchy via 7KC: treatment of CTLs with 7KC results in disordered plasma
membrane

To determine the maximum concentration of sterol/MRBCD which could be used without affecting
cell viability, CTLs were loaded with increasing concentrations of sterol/MRCD and their viability was
analysed using cell-impermeable nucleic acid dye Propidium lodide. It was found that 2.25ul/ml of
sterol/MRCD was the maximum tolerated concentration of sterol/MRBCD, as there was no increase in

CTL death compared to untreated control at this concentration (Figure 4.9).
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Figure 4.9: “Determination of a non-cytotoxic concentration of sterol/ MBCD.

CTLs were treated with increasing amounts of a sterol mix of 75% 7KC and 25% cholesterol in methyl-B3-cyclodextrin
(MBCD). As assessed by propidium iodide (PI) staining, cell death only rises above background levels at close to the
maximum concentration of 2.5 uL (sterol/ MBCD) per mL for a cell suspension containing 5x10° cells in 1ml. 2.25
pL (sterol/ MBCD) per mL cells was selected as the optimal concentration and used for all cholesterol loading
experiments. Each data point represents a mean (* s.e.m.) of 3 independent experiments and dotted line shows level

of background cell death without addition of Sterol/ MBCD.”

Perforin pore formation leads to osmotic stress; therefore, prior to assessing the effect of 7KC
on perforin sensitivity, the effect of 7KC treatment on osmotic sensitivity of cells needed to be
determined. By incubating 7KC treated and untreated cells in buffers with varying osmolarity, we found
no difference in the levels of cell lysis of untreated, MBCD only control and the 7KC/MRCD treated cells
(Figure 4.10). This observation ruled out a role for 7KC/MRBCD in direct lysis of the treated cells.
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The experiment shown in Figure 4.10 was completed by Ms. Tahereh Noori and is included for
completeness of the study.
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Figure 4.10: “7KC treatment of CTLs does not sensitise cells to osmotic stress.

*'Cr loaded CTLs were treated with varying ratios of 7KC/cholesterol and then incubated in solutions containing
different concentrations of NaCl. 7KC and cholesterol loading did not change the susceptibility of cells to osmotic
stress compared to untreated cells. Each data point represents a mean of 2 independent experiments, both of which

contained 3 technical replicates. For clarity, data points are shown connected by lines.”

Previous studies have used 7KC loading to decrease membrane order in primary human CD4*
T cells (Miguel et al., 2011), primary murine CD4* T cells (Rentero et al., 2008) and Jurkat cells (Owen
et al., 2010). However, this has not been performed on activated murine CTLs. Therefore, the ability of
7KC to decrease membrane order of activated murine CTL'’s, needed to be confirmed. In order to do
this, MBCD and 7KC/MRCD treated CTLs were labelled with Laurdan for 1 hour prior to imaging,
allowing the dye to equilibrate between the plasma membrane and internal membranes. As Laurdan
does stain both the plasma membrane and the internal cellular membranes (which are known to have
substantially lower order (Owen et al., 2012)), it was necessary to perform a segmentation analysis that
would assure specific measurement at the plasma membrane when analysing the collected lambda
images. This was performed using the MATLAB extension ‘Spectral Imaging Toolbox’ (Aron et al.,
2017). Objects were first segmented, before plasma membrane segmentation and subsequent GP
calculation was performed (Figure 4.11).
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Figﬁre 4.11: Representative example of object and plasma membrane segmentation using the MATLAB
extension ‘Spectral Imaging Toolbox’ (Aron et al., 2017).

a.) Field of view containing multiple cells prior to segmentation.

b.) Individual object obtained after object segmentation.

c.) Plasma membrane obtained after membrane segmentation. Colour scale indicates GP value, note the presence of

lower order of internal membrane structures prior to membrane segmentation.

To ensure that any reduction in membrane order was due to the 7KC added to the cells, intact
and MRCD-treated cells, as well as cells treated with 100% Cholesterol (0% 7KC), were assessed for
their GP value (Equation 1, Materials and Methods 4.2.4). The GP value did not vary significantly in
cells treated with either MBCD or 100% Cholesterol; However, A significant decrease (p<0.01) in GP
value was observed between untreated cells and those treated with 25%-100% 7KC (Figure 4.12), with

the difference being more pronounced with higher concentrations of 7KC.
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Figure 4.12: “Generalised Polarisation (GP) values of CTL decrease following the incorporation of
increasing ratios of 7KC:cholesterol.

As the ratio of 7KC:cholesterol is increased, the measured GP value of CTL decreases, indicating reduced lipid order.
Data points represent individual cells, as measured in three independent experiments; statistical significance with
respect to the “untreated” control was assessed using ANOVA with Dunnett’s post-hoc analysis, where ‘ns’ - not

significant, *p< 0.01, #*&* p<0.001.”
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4.3.3 A weakened shield: reduced plasma membrane order increases the sensitivity
of CTLs to perforin.

Sections (4.3.3 and 4.3.4) were completed with the technical assistance of Ms. Tahereh Noori. After |
designed and optimised the experiments, she performed independent replicates and collated the data.
| finalised all data presentation and calculated the fold difference values detailed in Fig 4.14b.

With the effect of 7KC on murine CTLs known, it was now possible to assess the perforin
sensitivity of 7KC treated CTLs. Cells were treated with 7KC/Chol mixtures exactly as in the
experiments performed to assess membrane order (Figure 4.12), and were then exposed to either
TMH1-GFP-PRF (to assess plasma membrane binding of perforin) or WT-PRF (to assess perforin
sensitivity of the cells). We found a positive dose-dependent relationship between increasing
concentrations of 7KC (reduced membrane order) and TMH1-PRF-GFP binding to the cells (Figure
4.13).
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Figure 4.13: “Reduced membrane order of 7KC-treated CTLs sensitises the cells to TMH1-GFP-PRF
binding.
The GFP MFTI of cells which had been exposed to TMH1-GFP-PRF at 37 °C was measured by flow cytometry and

normalized to the MFI of untreated cells. The data represent mean (* s.e.m.) of 3 independent experiments.”
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To test the functional consequence of increased perforin binding due to reduced membrane
order, a flow cytometry experiment was designed in which WT-PRF was used instead of the non-lytic
TMH1-GFP-PRF. Control and 7KC-treated EL4 cells or CTLs were incubated with various
concentrations of WT-PRF for 1.5 hours at 37 degrees, and cell death was measured by propidium
iodide fluorescence. We found that conditions that resulted in reduced membrane order sensitised CTLs
to perforin lysis (Figure 4.14a). In accord with previous experiments (Figure 3.10), lysis of untreated
CTLs required much higher concentrations of WT-PRF compared to the concentration required to lyse
untreated EL4 cells. Interestingly, EL4 target cells were also slightly sensitised to perforin by 7KC
treatment, but to a far lesser extent to CTLs. Furthermore, at the highest concentration of 7KC, CTL
perforin sensitivity approached that of untreated EL4 target cells. By plotting the concentration of
perforin required to lyse 50% of cells against 7KC concentration, we found the magnitude of
sensitisation of CTLs was 2.4-fold higher than that of EL4 cells (Figure 4.14b). This value was calculated
by dividing the concentration of perforin required for 50% lysis at 0:100 7KC:cholesterol ratio by the

concentration of perforin required for 50% lysis at 75:25 7KC:cholesterol ratio.
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Figure 4.14: “Reduced membrane order of 7KC-treated CTLs and EL4s sensitises the cells to WT-PRF
lysis.

a.) The reduced membrane order of 7KC-treated CTLs (red) and EL4 cells (green) sensitizes the cells to WT-PRF
lysis, as determined by propidium iodide (PI) staining of untreated cells (O) and cells loaded with 50% (L), 66% (A),
and 75% (<) 7KC/cholesterol. Each data point represents a mean (+ s.e.m.) of 3 independent experiments. Curves
represent Michaelis-Menten fits to the data.

b.) The concentration of perforin required to lyse 50% of cells (As deduced from graph in a.), plotted as a bar graph
against % 7KC/cholesterol.”
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4.3.4 A conserved role of membrane order in perforin resistance for both the innate
and adaptive immune system

Having comprehensively demonstrated the importance of high membrane order in the perforin
resistance of CTLs, we investigated whether a similar association would be observed for NK cells that
are equally protected from perforin within the immune synapse (Lopez, Jenkins, et al., 2013) and also
to recombinant perforin (Figure 3.8). Isolated murine NK cells were loaded with 7KC and exposed to
WT-PRF using similar experimental system to that in Figure 4.12. We observed a distinct sensitisation
of NK cells treated with 7KC, to perforin (Figure 4.15). Seeing such agreement between experiments
performed on the effector cells of both the innate (NK) and adaptive (CTL) immune system, highlights

the critical importance of high membrane order of effector cells in perforin resistance.
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Figure 4.15: “Reduced membrane order of 7KC-treated murine NK cells sensitizes the cells to WT-PRF
lysis.
Data show propidium iodide (PI) staining of untreated cells (O) and cells loaded with 0% (LJ), 66% (A) 7KC. Error

bars represent s.e.m. (# = 3 for all points except highest perforin concentration where #» = 2).”
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4.4 Discussion

Using a combination of experimental approaches to investigate both artificial lipid bilayers and
whole cells, we have shown a distinct preference of perforin binding to and pore formation on
membranes which are in the liquid disordered state. The use of artificial lipid bilayers allowed precise
control of the membrane order properties by inclusion of specific ratios of cholesterol and sphingomyelin
into DOPC mixtures. Perforin was found to hind solely to liquid disordered domains, avoiding binding
to high membrane order regions, as clearly visualised in phase-separated membranes. As the
composition of a cellular membrane is far more complex than these model ternary mixtures of lipids, it
was necessary to also test the effect of membrane order on whole cells. The reduction of membrane
order in the plasma membrane of CTLs via incorporation of a disorder prone variant of cholesterol (7-
ketocholesterol) as confirmed by Laurdan GP measurements, allowed these experiments to be
performed. It was found that by artificially reducing membrane order of CTLs we concomitantly
increased the level of TMH1-GFP-PRF binding and sensitised the cells (or membranes) to WT-PRF,
suggesting a crucial function of membrane order in the overall resistance of CTLs to perforin lysis
(Figures 3.7, 4.14).

“To consider this in the context of the immune synapse, we note that SM- and cholesterol-rich
lipid domains (rafts) dynamically re-arrange and merge at the CTL membrane during immune synapse
formation, as extensively demonstrated by others (Burack et al., 2002; Gaus et al., 2005; Owen et al.,
2010). Hence, the presynaptic membrane will have a further increased lipid order compared with the

overall CTL membranes tested here, thus enhancing its protection against perforin binding.”

The discovery of a role for high membrane order in cytotoxic lymphocyte self-protection has
interesting implications for cancer treatment. It has recently been shown that multiple cancer types have
increased plasma membrane lipid order (Guo et al., 2014; Rysman et al., 2010), and proposed
explanations for this have so far speculated on a role in optimizing signalling (Erazo-Oliveras et al.,
2018). Having shown the extraordinary resistance of high lipid order membranes to perforin lysis, it is
tempting to speculate that this higher membrane order of cancer cells may also contribute to their
immune evasion. If a target cell can become as resistant to perforin as a CTL then it could potentially
be protected from cytotoxic lymphocyte attack, effectively hijacking the very mechanism used by

cytotoxic lymphocyte for self-protection against perforin.

Another potential role that increased plasma membrane order may play in protecting cancer
cells from cytotoxic lymphocyte attack, is a reduction in the cell membrane area that contains MHC
class | molecules. MHC class | molecules are essential for presentation of antigen to CTLs and have
been found to reside in non-raft regions of the membrane (Goebel et al., 2002). An increase in
membrane order may reduce the number of functional MHC class | sites on the cell surface, hence

contributing to immune evasion and disease progression (Garrido et al., 2016; Morrison et al., 2018).
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Chapter 5 Phosphatidylserine inactivates membrane-bound perforin

5.1 Introduction

Having observed an extreme CTL resistance to perforin lysis and, at the same time, mildly
reduced binding to CTLs compared to target cells, an obvious question arising is how to explain this
unexpected dichotomy? Does perforin form pores on CTL membrane and, if so, what makes these cells

resistant to lysis?

Previous studies have provided indirect evidence for the expression of an inhibitor of perforin
function on the cytotoxic lymphocyte membrane. They suggested that the levels of perforin binding to
cytotoxic lymphocytes and target cells were similar, yet perforin was still unable to lyse the effector cell
(Muller & Tschopp, 1994). Although we have now demonstrated that perforin binds to CTLs at lower
levels than to their targets (Figure 3.12), the difference is insufficient to totally explain the hundreds of
fold difference in sensitivity to perforin lysis (Figure 3.10). Therefore, it is still possible that an additional

protective mechanism is also at play.

More than thirty years ago, Allbritton et al. (Allbritton et al., 1988) showed that the addition of
granule extract to the CTL cell lines 2C and G4 does not result in calcium flux as was observed for the
target cell lines P815 and S49, suggesting that perforin bound to the CTLs remains inactive. However,
the findings of this study were limited as it is not known how much perforin was present in the extract
and if the granule extract had actually bound to the CTLs, meaning that reduced binding could be
responsible for the lack of calcium flux. Therefore, we applied our recently developed fluorescent WT
perforin (WT-GFP-PRF, (Lopez, Susanto, et al., 2013)), to explore an association between perforin

binding to various cells and pore formation.
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5.2 Materials and Methods

5.2.1 Indo-1AM calcium flux measurements conducted by time-lapse flow cytometry

“CTLs and EL4 cells were labelled separately with a ratiometric (emission A=400nm/475nm) calcium
fluorophore Indo-1AM (Invitrogen, California, USA) and treated with varying amounts of WT-GFP-PRF
to determine amounts for which both cell types stained with a similar level of GFP (Figure 5.1). Cells
treated with 1 pg/mL ionomycin (Sigma- Aldrich, Missouri, USA) were used as controls (Figure 5.2)
and time-course flow cytometry was conducted as described previously (Lopez, Susanto, et al., 2013)
following WT-GFP-PRF addition (Figure 5.3).”

5.2.2 Ca® dependence of the plasma-membrane bound perforin.

The method for Figure 5.4 is as per that detailed in 3.2.7 TMH1-GFP PRF binding assay, with the
following additions: both, TMH1-GFP-PRF and WT-GFP-PRF, were analysed and experiments were
performed at both 4°C and 37°C. To demonstrate Ca?*-specific perforin binding to CTL and target cells,
a mixture of the two cell types was treated with perforin in the presence of Ca?* at 4°C or 37°C for 1
hour, followed by the addition of 2 MM EGTA. The mixture of cells was then stained with anti-CD8-PE
antibodies to distinguish perforin binding to CD8" CTLs and CD8" target cells, and analysed by flow

cytometry.
5.2.3 Atomic Force Microscopy

For details of AFM imaging, please refer to the concise summary provided in 2.5 Atomic Force
Microscopy, and the detailed AFM methods provided in Appendix 1.

5.2.4  Generation of stably expressing tubulin-Cherry Prf1”- OTI CTLs

Cherry-tubulin fusion protein cDNA (Pham et al., 2015) was cloned into an MSCV vector, naive CTLs
transduced as described in 2.3.2 Transduction of naive OTI CTL and Cherry-positive cells were sorted
3 days later and used in experiments shown in Figures 5.7-5.9, and Supplementary Videos 1-3. A tight
population of Cherry fluorescence was selected, to ensure similar intensity levels of Cherry fluorescence
when imaging. The cells were sorted without running calibration beads, as the cells were not being
compared between different construct groups. All sorting was performed at room temperature under

sterile conditions.

5.2.5 Fixed cell Confocal Microscopy

5251 Sample preparation

“Hydrophobic barriers were drawn on #1.5H coverslips (Menzel Glaser, Leicestershire, UK) using a
mini-PAP PEN (Life Technologies, California, USA) and the resulting wells coated with 0.1 mg/mL Poly-
L-Lysine (Sigma Aldrich, Missouri, USA) and dried for at least 2 hours. OTI T cells were pre-labelled
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with annexin V-Alexa Fluor 568 (Invitrogen, California, USA) for 10 minutes at room temperature in
0.1% BSA DMEM. After washing 3 times in 0.1% BSA DMEM, cells were then treated with WT-GFP-
PRF for 30 minutes at 37°C, washed 3 times and added to the wells. The cells were allowed to adhere
for 10 minutes at 37°C, and the wells washed gently with Hanks Balanced Salt Solution (HBSS, Sigma
Aldrich, Missouri, USA) containing 2.5 mM CacClz and 1 mM MgCl: (both from Sigma—Aldrich, Missouri,
USA) to remove any unbound cells. Cells were fixed with 4% EM Grade paraformaldehyde (Electron
Microscopy Sciences, Pennsylvania, USA) (in HBSS, with 2.5mM CaClz) for 30 minutes at room
temperature, and washed with 0.1 M lysine (Sigma-Aldrich, Missouri, USA) in HBSS with 2.5 mM CaCl..
After 30 minutes, lysine was removed and samples washed 4 times with HBSS with 2.5 mM CacCl..
HBSS containing 2.5 mM CaClz and 2% BSA was then added to the wells and incubated for 1 hour at
room temperature (with gentle shaking) to block non-specific antibody binding. A 1:100 stock dilution of
GFP-tag polyclonal antibody-Alexa Fluor 488 (Invitrogen, California, USA) and 2 ug/mL cholera toxin
subunit B (CTxB; to label GM1)-Alexa Fluor 647 (Molecular Probes, Oregon, USA) in HBSS buffer
supplemented with 2.5 mM CaClz and 2% BSA was then added to wells and incubated overnight at 4
°C. The cells were washed 4 times, and incubated with 5 ug/mL Hoechst 34580 (Life Technologies,
California, USA) for 30 minutes at room temperature. Cells were subsequently washed 4 times and
allowed to dry before being mounted onto slides using Vectashield mounting medium (H1000, Vector

Laboratories, California, USA) and sealed.”

5.25.2 Imaging

“Fixed samples (Figure 5.6 a,b) were imaged using a Zeiss Elyra PS.1 microscope, using sequential
imaging in line-scan mode. A Plan-Aporchromat 63X / 1.4 Oil DIC lens (Zeiss, Oberkochen, Germany)
was used with optical zoom set to 2 and a pixel size of 0.07 um. Frame size was set to 1024 x 1024
and samples were imaged using a line average of 8 and a z stack interval of 200 nm. Background
fluorescence levels for each channel were obtained using negative control images (primary omission)
of the same acquisition setting and used to set thresholds for co-localisation analysis. A channel
alignment slide containing 200 nm multispec beads (Zeiss, Oberkochen, Germany) was imaged and

used as a reference to correct for chromatic aberration.”

5.2.5.3 Co-localisation analysis

The Image J macro described in this section (5.2.5.3) was designed by Dr Hyung-Jung Cho.

“An Imaged macro was written to segment individual cells from a field of view and to create mask
channels in FIJI (Schindelin et al., 2012). Colocalization analysis was performed on individual cells
using Imaris 8.4.2 (Bitplane, Belfast, UK). Measurements were performed only on the region of interest
set by the mask channel created from the previous process. The threshold of each channel was set as
the maximum intensity value of the negative control. The degree of colocalization of channel A (Figure
5.6b) was calculated as the percentage of total colocalized A intensity above the threshold / total A

intensity above the threshold.”
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localization = Y, colocalized A intensity above the threshold 100
colocalization =
> A intensity above the threshold x

Equation 2: Calculation of percentage colocalization values.

5.2.6 Live cell Confocal Microscopy

5.26.1 Recombinant perforin addition to a mixture of EL4 and CTLs

For Figure 5.7, Figure 5.8 and Supplementary Videos 1 and 2, “a 1:1 mixture of EL4 and Cherry tubulin
expressing OTI T cells was washed 3 times in 0.1% BSA DMEM, labelled with 5 yM Hoechst 33342
(Life Technologies, California, USA), washed 3 times and then resuspended in a 1:50 stock dilution of
annexin V-Alexa Fluor 647 (Invitrogen, California, USA) in 0.1% BSA DMEM. These cells were then
plated into 8-well Nunc Lab-Tek Il #1.5H glass bottom chamber wells. WT-GFP-PRF was added during
imaging. Cells were imaged using a Zeiss Elyra PS.1 microscope with a Tokai Hit stage/objective heater
attached, and 5% COz/humidity maintained (Zeiss, Oberkochen, Germany). Imaging was performed
using a Plan-Apochromat 63X / 1.4 Oil DIC lens (Zeiss, Oberkochen, Germany) using an optical zoom

of 1 and a line average of 4.”

5.2.6.2 Visualizing phosphatidylserine (PS) exposure at the immunological
synapse

"For live cell imaging of phosphatidylserine exposure at the immunological synapse (as detected by
annexin V labelling) (Figure 5.9, Supplementary Video 3), MC57 target cells were trypsinised and
washed. 10° cells were then resuspended in 500 uL of 5 uM Cell Trace Violet (CTV) solution (Invitrogen,
California, United States) in PBS for 20 minutes at 37°C. 10 mL of complete media was then added to
these cells to quench any unbound dye. Cells were pelleted, resuspended in complete DMEM media,
counted and plated at 30,000 cells per well (108 cells/mL) of an 8-well Ibidi-treat imaging chamber (Ibidi,
Martinsried, Germany), one day before imaging. Approximately 4 hrs before imaging, cells were labelled
with 1 uM SIINFEKL octapeptide (GenScript, New Jersey, USA) at 37°C for 1 hr, before being washed
3 times in complete DMEM, and allowed to rest. Cherry-tubulin-transduced Prf1* OTI T cells were then
resuspended in 300 pL of a 1:50 stock dilution of annexin V-Alexa Fluor 488 (Invitrogen, California,
USA) in complete DMEM before being added to the microscopy chamber. All media was removed from
the MC57 cells, such that both the MC57 and OTI T cells were imaged in the presence of a 1:50 stock
dilution of annexin V-Alexa Fluor 488. Cells were imaged using a Zeiss Elyra PS.1 microscope with a
Tokai Hit stage/objective heater attached, and 5% CO2z/humidity maintained (Zeiss, Oberkochen,
Germany). Imaging was performed using using a C-Aporchromat 63X / 1.2 W Korr UV-VIS-IR lens

(Zeiss, Oberkochen, Germany) using an optical zoom of 1 and a line average of 8.”
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5.3 Results

5.3.1 Perforin association with CTLs: Binding without pore formation

Sections (5.3.1 and 5.3.2) were completed with the technical assistance of Ms. Tahereh Noori. After |
designed and optimised the experiments, she performed independent replicates and collated the data.
| finalised all data presentation and performed statistical analysis of Figure 5.1.

To investigate perforin binding to live cells, the fully-functional fluorescent fusion protein WT-
GFP-PRF (Lopez, Susanto, et al., 2013) was utilised. This enabled simultaneous analysis of perforin
membrane binding and calcium flux (indicating membrane disruption by perforin). Since perforin binding
to CTLs is less efficient than to target cells, the availability of fluorescently-labelled perforin enabled
perforin to be adjusted to achieve similar levels of perforin binding to EL4 and CTL. To this end, firstly
a sub-lytic concentration of WT-GFP-PRF was determined for the EL4 cells (independently, on the day
of each experiment), and then increasing amounts of WT-GFP-PRF were added to the CTLs until a
similar MFI was achieved. By gating the cells of the same size during analysis, it was possible to
examine the calcium influx into CTLs or EL4 cells exposed to sub-lytic levels of perforin bound to them.
Figure 5.1 shows the geometric mean fluorescence intensity levels of both CTLs and EL4 with and
without addition of WT-GFP-PRF. Only the first timepoint showed a significant difference in GFP MFI
between EL4 and CTLs treated with WT-GFP-PRF. After 30 seconds, no significant difference was
observed between these groups, confirming that the calcium flux analysis was performed on cells that
had bound similar levels of perforin.

001
1901 & EL4 +WT-GFP-PRF

CTL + WT-GFP-PRF
A EL4
4 CTL

*

GFP MFI (RU)
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Figure 5.1: “Similar levels of perforin bound to EL4 and CTLs.

By adding approximately twice the amount of WT-GFP-PRF to CTLs as was added to EL4 cells, similar levels of
perforin binding (represented by GFP MFI) were obtained. Each data point represents a mean (* S.D.) of 3
independent experiments. An unpaired t-test performed on ELL4 + WT-GFP-PRF and CTL +WT-GFP-PRF shows

P<0.05 for # = 30 s, but no significant difference for all other time points.”
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To assess the efficiency of CTLs and EL4 labelling with Indo-1 AM — which is used to compare
calcium flux across different cell types - the cells were treated with a calcium ionophore ionomycin.
Similar calcium flux profiles were observed with both cell types (Figure 5.2) confirming similar

intracellular levels of indo-1 and no significant difference in the indo-1 response to Ca influx.
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Figure 5.2: “A similar response to Ionomycin treatment is observed for both EL4 and CTLs.
The addition of Ionomycin to the indo-1-am labelled cells increases calcium levels in the cell leading to a shift in
fluotescence from blue to violet, resulting in a distinctive peak on the violet/blue fluotescence ratio over time. Each

data point represents a mean (£ S.D.) of 3 independent experiments.”

Having now confirmed that both cell types could be labelled successfully with Indo-1 AM and
that WT-GFP-PRF binding to both cell types could be titrated to achieve similar levels of PRF bound on
the cell surface, a direct comparison of membrane disruption due to perforin was possible. EL4 cells
showed a distinct Ca?* influx (detected by the increase in violet/blue ratio) after WT-GFP-PRF addition,
whereas CTLs showed no detectable calcium flux (Figure 5.3). This striking difference agrees with
previous studies (Allbritton et al., 1988) but provides the additional information that absence of
membrane damage on the CTL is not due to lack of perforin binding. We hypothesized that this
unexpected additional “layer” of CTL resistance to perforin could play an important role in cytotoxic
lymphocyte self-protection.
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Figure 5.3: “Ca?* influx into Indo-1 AM labelled CTLs and EL4 cells upon exposute to sublytic amounts of
WT-GFP-PRF.
Membrane perforation by petforin was measured via the Ca?* influx over time, detected as an increase in the ratio of
violet (400nm) to blue (475nm) fluorescence emission; WT-GFP-PRF was added at # = 0. Cutves provide a visual

guide connecting data points. Each data point represents a mean (+ S.D.) of 3 independent experiments.”

5.3.2 EGTA resistance of WT-GFP-PRF bound to CTLs; attachment without
insertion?

It has been shown that perforin binding is calcium dependent (sensitive to EGTA), but only up
until the point that perforin inserts into the membrane (Muller & Tschopp, 1994). Membrane-inserted
perforin remains attached to the membrane even after the removal of calcium (resistant to EGTA). Since
perforin insertion does not occur at 4 degrees (or is dramatically delayed by hours), we reasoned that
by comparing EGTA sensitivity of WT-GFP-PRF bound to a mixture of CTLs and EL4 cells at 4°C and
37°C it should be possible to determine whether perforin bound to CTLs at 37 degrees has inserted into
the membrane. A further control is provided by the EGTA sensitivity of TMH1-GFP-PRF at 37°C, as this
mutant is unable to insert into the membrane (Leung et al., 2017) and, therefore, it should remain EGTA

sensitive even at 37°C.

Intriguingly, it was found that unlike TMH1-GFP-PRF, the WT-GFP-PRF bound to CTLs at 37°C
was EGTA resistant (Figure 5.4) even though there was no apparent lytic pore formed (Figure 5.3).
Thus perforin attachment to CTL plasma membrane had become Ca?'-independent, a finding

previously considered possible only for perforin that formed stable pores.
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Figure 5.4: “Flow cytometry on WT-GFP-PRF and TMH1-GFP-PRF binding to EL4 (CD8-) and CTLs.

a.) Binding of WT-GFP-PRF to EL4 (CD8&) and CTL (CD8%), at concentrations that are sub-lytic to CTLs, as
assessed by flow cytometry. At 4°C and in the presence of Ca?* (-EGTA), both cell types bind perforin (GFP*), but
the CTLs at a lower level than EL4 cells. At 37°C and in the presence of Ca?* (-EGTA), WT-GFP-PRF is lytic to the
EL4 cells, so no significant CD8- population remains under those conditions (asterisks). Upon subsequent Ca?*
chelation by 2 mM EGTA, non-porating perforin assemblies (WT-GFP-PRF at 4°C) are removed from the cell
membranes (GFP-). However, Ca?* chelation does not affect WT-GFP-PRF bound to CTLs at 37°C (GFP*, dagger),
despite WT-GFP-PRF being apparently non-porating (see Figure 5.3).

b.) Binding of non-lytic TMH1-GFP-PRF to EL4 (CD8) and CTL (CD8"), as assessed by flow cytometry. In the
presence of Ca?" (-EGTA), TMH1-GFP-PRF binds to both cell types, but less to CTLs, as observed for WT-GFP-
PRF. Upon subsequent Ca?* chelation by 2 mM EGTA (+EGTA), TMH1-GFP-PRF is invariably removed from the
cell membranes, leaving only GFP- populations (both at 4°C and 37°C).

c.) Quantification of flow cytometry results, with MFI of WT-GFP-PRF and TMH-GFP-PRF signals, normalized to
the respective MFIs for the CD8" population at 4°C. EGTA exposure drastically reduces the GFP MFI for all cases at
4°C, as well as for the (non-lytic) TMH1-GFP-PRF at 37°C. By contrast, WT-GFP-PRF is EGTA resistant once bound
to CD8* cells at 37°C. Note that the low GFP MFI at 37°C in the first panel (CD8, WT-GFP-PRF) is due to the
majority of the CD8- cells being killed and thus not yielding a GFP signal in the flow cytometer anymore. The TMH1-
GFP-PRF data (-EGTA) allow for a quantitative comparison between binding to CD8* and CD8- cells, showing that
the CTLs (CD8™) bind less than half as much perforin as the target cells (CD8"). Each column represents a mean (£

s.e.m.) of 3 independent flow cytometry experiments.”
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5.3.3 EGTA resistance of perforin clusters formed on Phosphatidylserine rich lipid
bilayers

The experiments described in this section (5.3.3) were designed and performed by Dr Adrian Hodel and
are included to provide context to the study.

“To determine if other lipid types could be responsible for EGTA resistance of membrane-
attached perforin, the AFM analysis was expanded to phospholipids that are typically located in the
inner leaflet of the plasma membrane (Leventis & Grinstein, 2010). Surprisingly, it was found that
perforin efficiently bound to membranes composed of phosphatidylserine (PS), but did not form the
well-defined, static arc or ring-shaped assemblies that are characteristic of transmembrane pores
(Figure 5.5a) (Law et al., 2010; Leung et al., 2017; S. S. Metkar et al., 2015). Instead, WT-PRF and
DTT-unlocked TMH1-PRF formed static protein clusters on PS, which sat up to ~5 nm higher above
the membrane surface than locked (-DTT) TMH1-PRF prepores on both PC and PS. These static
clusters were also higher (by the same amount) than functional perforin (WT-PRF and TMH1-PRF
+DTT) on PC membranes. Fully consistent with the observations on CTL-bound perforin (Figure 5.4),
the perforin clusters on PS membranes were resistant to Ca?* depletion by EGTA (Figure 5.5b). In
binary PC/PS mixtures, cluster formation was increased and functional pore formation reduced upon

increasing PS content (Figure 5.5c).”
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Figure 5.5: “Perforin forms non-porating clusters on phosphatidylserine membranes.

a.) AFM images of DOPC and DOPS supported lipid bilayers after incubation with TMH1-PRF without or with
glutaraldehyde (+GA) fixation, with unlocked (+DTT) TMH1-PRF, or with WT-PRF. Height profiles were plotted
as acquired along the dashed lines in the AFM image. On DOPC, prepore locked TMH1-PRF, and TMH1-PRF
+DTT and WT-PRF assemblies all extend 10-11 nm above the membrane surface, in agreement with previous
observations (LLaw et al., 2010; Leung et al., 2017; S. S. Metkar et al., 2015). On DOPS, fixed (and locked) TMH1-PRF
assemblies have the same height, but the clusters of unlocked TMH1-PRF (+DTT) and WTPRF are distinctly taller,
about 15 nm above the membrane.

b.) AFM images of supported DOPC bilayers mixed with 0-100% DOPS, after incubation with 150 nM WT-PRF.
The images show decreased formation of arc- and ring-shaped perforin pores upon increased DOPS content, and an
increased amount of clustering. Samples were incubated at 37°C and imaged at room temperature. Colour (height)
scale as in Figure 4.7b. Bar graph on the right shows quantification (see Methods; mean + SD) of pore formation on
DOPS containing membranes: For 60% DOPS, there is a significant decrease in the number of pores, and at 100%
DOPS there are no unambiguous pore features found. Statistical significance was assessed using ANOVA with
Dunnett’s post-hoc analysis, where ‘ns’ - not significant, **** p<0.001.

c.) AFM images of DOPS supported lipid bilayers incubated with WT-PRF or TMH-PRF +GA, before and after
Ca?* chelation by washing the membrane with 5 mM EGTA (£ EGTA). Clusters formed by WT-PRF are not removed
or visibly affected by washing the membrane with EGTA. In contrast, cross-linked plaques of TMH1-PRF +GA are
removed after the EGTA wash. This is consistent with failure of TMH1-PRF to insert into the membrane (Leung et
al., 2017) and suggests that WT-PRF partially inserts into the DOPS membrane. All AFM samples in a and b were

incubated at 37 °C and imaged at room temperature.”
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Having observed the inactivation of perforin by PS in model lipid membranes, we hypothesized
that any regions of PS exposed on the CTL plasma membrane outer leaflet may be responsible for
irreversible perforin binding that is not associated with pore formation (Figures 5.3, 5.4).

5.3.4 Phosphatidylserine - a marker of the dead that protects the living.

“If the hypothesis was correct, we would expect perforin to co-localize with exposed PS (Elliott
et al., 2005) on the CTL plasma membrane. To test this, we performed confocal microscopy on activated
CTLs that were pre-treated with annexin V-Alexa Fluor 568, as a marker for PS exposed on the cell
surface (Koopman et al., 1994). Importantly, this pre-labelling with annexin V ensured detection only of
PS already exposed on the CTL membrane before perforin addition, thus avoiding any contribution of
PS flip/flop upon perforin association with the plasma membrane (S. S. Metkar et al., 2011). WT-GFP-
PRF colocalized with punctate regions corresponding to (non-apoptotic) externalized PS (Figure 5.6
a,b). These punctate regions were also enriched for the lipid-raft marker cholera toxin B (labelled GM1
in Figure 5.6 a,b), as was previously reported for both CTLs (Fischer et al., 2006) and B cells (Dillon et
al., 2000).”

WT-GFP-PRF

a Nucleus

° = ” f—' & Figure 5.6: Perforin colocalizes with phosphatidylserine on the CTL plasma
-% membrane.
% %07 a.) “Colocalization of GM1 (detected by Cholera Toxin Subunit B-Alexa Fluor 647),
S
8 i externalised PS (detected by annexin V-Alexa Fluor 568) and recombinant WT-GFP-

PRF (signal enhanced by GFP TAG polyclonal antibody-Alexa Fluor 488) on a CTL.
O@'\ch &L The nucleus (shown in blue) is detected by Hoechst 34580.”

b.) “Quantitative analysis (as described in the Methods) of a shows low colocalization levels of GM1 with PS (17%)
but high colocalization of PS with GM1 (88%) and PS with WT-GFP PRF (83%). This indicates that the vast majority
of PS is contained within lipid raft areas (whereas there are many lipid raft areas which do not contain PS) and more
than 80% of this PS binds WT-GFP-PRF. A total of 62 cells were analysed, and the mean of 3 independent

experiments is shown for each condition (£ s.e.m.).”
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“To directly investigate the efficacy of this protective mechanism, WT-GFP-PRF was added to
a 1:1 mixture of EL4 cells and CTLs in the presence of annexin V-Alexa Fluor 647 to identify exposed
PS. EL4 cells bound perforin uniformly around their periphery and were lysed within minutes, whereas
on CTLs perforin signal was strongly associated with distinct regions where PS was exposed (Figure
5.7; Supplementary Video 1).” When the cells were imaged again 1 hour after perforin addition (having
being maintained at 37°C and 5% CO.), it was observed that the CTLs were still viable and had

maintained a healthy morphological appearance and mobility (Figure 5.8, Supplementary Video 2).

Figure 5.7: “Time-lapse microscopy highlights different response of CITL’s and EL4 to addition of WT-GFP
PRF. (Supplementary Video 1).

WT-GFP-PRF (shown in green, added at time 1:17 min) was added to a mixture of CTLs transduced with cherry-
tubulin (shown in red) and EL4 cells (highlighted by white asterisks in panel 1). Hoechst 33342 (shown in blue) staining
shows the nucleus of both cell types. Annexin V-Alexa Fluor 647 (shown in white) was maintained in the culture
medium throughout the assay; it binds to PS exposed on the CTLs and to PS on and within EL4 cells that are exposed
to cytotoxic levels of perforin and lose membrane integrity. E14 cells are seen to bind WT-GFP-PRF uniformly before
gradually becoming annexin V positive, whilst perforin on the CTLs membrane localizes precisely (and almost

immediately) to regions of exposed PS, without lysing the cells (Supplementary Video 2).”
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Figure 5.8: “Unlike target cells, CTLs maintain healthy morphological appearance and mobility one hour
after addition of WT-GFP-PRF.

CTLs (red) with clear WT-GFP-PRF signal (green) localized to punctate regions of non-apoptotic PS (white) 1 hour
after addition of perforin. Dead target cells and their debris are stained bright green and white (highlighted by white
daggers), because of, respectively, their overall WT-GFP-PRF binding and staining for apoptotic PS. Note that on
polarised CTLs, non-apoptotic PS is always located within the uropod (white asterisks). Staining is as in Figure 5.7;

the data shown here represent a snapshot from Supplementary Video 2.”
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5.35 Phosphatidylserine is exposed on the CTL membrane during synapse
formation

Previous studies have noted the exposure of PS on the human CTL membrane following
antigen recognition and synapse formation (Fischer et al., 2006) as detected by the multivalent
phosphatidylserine binding protein, annexin V. Further evidence of PS accumulation within the immune
synapse has been provided by mass spectrometry of membrane regions isolated using anti-CD3 beads
(Zech et al., 2009). The observation that PS is present within the synapse suggests that it can potentially
scavenge and inactivate perforin as seen on PS rich membrane (Figure 5.5), thus providing the 2" line
of defence for cytotoxic lymphocyte self-protection against secreted perforin. To investigate the
phenomenon of PS exposure within the CTL-target immune synapse, we visualised PS exposure using

time-lapse live cell microscopy.

Prf1”- OTI CTLs were transduced with a tubulin-cherry fusion construct (Pham et al., 2015) to
allow visualisation of centrosome docking at the immune synapse (to confirm synapse formation). Cell
Trace Violet labelled MC57 targets were pulsed with SIINFEKL peptide, before being exposed to the
CTLs in the presence of annexin V-Alexa Fluor 488, to detect any exposed PS. Consistent with the
previously published observations by Fischer et al, a bright punctate region of annexin V fluorescence

was observed within the synapse, indicating the presence of PS (Figure 5.9, Supplementary Video 3).

Figure 5.9: “Time-lapse confocal microscopy confirms PS exposure on pre-synaptic membrane upon
synapse formation.

Montage of time-lapse confocal microscopy (Supplementary Video 3) reveals a bright punctate region of PS (detected
by annexin V-Alexa Fluor 488 maintained during assay; shown in green) exposed on the CTLs membrane during
synapse formation. Cell Trace Violet labelled target cells (MC57, shown in blue) were labelled with SIINFEKL and
synapse formation is confirmed by the docking of the centrosome (detected by tubulin-cherry expressed in the CTLs;

shown in red) at the point of contact between CTL and target. Timestamps are in minutes.”
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5.4 Discussion

Here, we used GFP tagged recombinant perforin (Lopez, Susanto, et al., 2013) to determine
the mechanism of the previously observed CTL resistance to perforin pore formation (Allbritton et al.,
1988). Indeed, we show that even when CTLs bind equal amounts of perforin as target cells (by addition
of higher concentrations of perforin), it fails to disrupt CTL membrane, as assessed by the lack of Ca?*
influx into the cell. Remarkably, CTL-bound non-porating perforin acquired properties of perforin pores,
ie it became calcium independent (Figures 5.4 and 5.5.), a feature of perforin inserted into the
membrane (Miller & Tschopp, 1994). These findings presented a paradox of perforin that has
inserted/attached to the membrane irreversibly but not formed pores. By analysing perforin pore
formation on lipid bilayers composed of varying concentrations of phosphatidylserine, it was
subsequently found that a remarkably similar phenonomen occurs: instead of forming transmembrane
pores, perforin assembles into non-porating structures that are resistant to removal by EGTA, lack the

tight packing and resemble prepores (Rudd-Schmidt et al., 2019).

We hypothesized that exposure of PS on the outer leaflet of the T cell plasma membrane could
be responsible for binding EGTA resistant but non-porating perforin. A strong colocalisation between
PS (marked with annexin V) and recombinant WT-GFP-PRF observed using confocal microscopy, and
the lack of perforin pores, as measured by Ca?* flux, provided strong evidence in support of this
hypothesis. To directly compare the efficacy of this protective mechanism, we added WT-GFP-PRF to
a 1:1 mixture of CTL and EL4 targets whilst performing confocal imaging. Perforin bound to uniformly
and lysed EL4 target cells, whilst on CTLs it preferentially localised to distinct regions of exposed PS
and the cells remained intact (Figure 5.7, Figure 5.8. Supplementary videos 1 & 2). In fact, even one
hour after the addition of WT-GFP-PRF, CTLs were seen to maintain healthy morphology, suggesting
the perforin had been scavenged and completely inactivated. An immune synapse is a directed event,
with perforin only released at the synaptic cleft. Therefore to put this protective mechanism into a
physiologically relevant context, we set out to explore previous findings (Fischer et al., 2006), which
demonstrated an exposure of PS on the pre-synaptic membrane upon antigen recognition, in real time.
We show that upon synapse formation between the CTL and antigen-presenting target cells, PS was
exposed on the presynaptic membrane (as detected by fluorescently labelled annexin V). This provided
further evidence for our hypothesis that exposed PS within the immune synapse can act as a sink that

binds and inactivates any perforin reaching the CTL membrane.

Non-apoptotic surface exposed PS has been shown to be increased in a number of cancer
cells types (Riedl et al., 2011) and anionic phospholipids including PS have also been shown to be
exposed to an increased level in tumour blood vessels (Ran et al., 2002). This abnormally elevated PS
exposure in the tumour microenvironment has been shown to contribute to immunosuppression (Birge
et al., 2016). Our current results suggest that the presence of these high levels of PS may not only
create an immunosuppressive environment, but also inactivate perforin released by cytotoxic
lymphocytes that overcome the immunosuppressive environment and form a synapse with these

tumour cells.
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The negative charge of PS allows specific cancer cell targeting by cationic peptides (Wodlej et
al., 2019) and cationic liposomes (De et al., 2018). PS has also recently been successfully targeted by
nanovesicles composed of Saposin C (SapC) coupled with Dioleoylphosphatidylserine (DOPS)
(N'Guessan et al., 2020; Qi et al., 2009). A potential side-effect of these strategies, given the constitutive
exposure of PS on activated CTLs (Figure 5.6, Figure 5.7), is the effect that such PS targeting
molecules may have on CTL function. Will a payload of cytotoxic molecules intended solely for cancer
cells also be delivered to all activated CTL? The fact that CTLs which have bound WT-GFP-PRF to
their regions of exposed PS remain viable and motile (Figure 5.7, Figure 5.8. Supplementary videos 1
& 2), suggests immune function may not be interrupted by simply having a PS targeting marker for
visualisation of tumours. However, if the PS targeting peptide/liposome/nanovesicle releases a toxic
payload at this point of binding, this may adversely affect T cells thus adding to the already substantial
problem of immunosuppression in the tumour microenvironment (Dunn et al., 2002; Mellman et al.,
2011). It is, therefore, important to consider that potential side-effect of PS-targeting nanodrugs in

pre/clinical trials.

A recent in vivo study showed that killing of tumour cells was increased when PS was blocked
with a mouse anti-PS monoclonal antibody (mch1N11) (Gray et al., 2016). They found that when
mch1N11 was used in combination with anti PD-1 therapy, the effect was further enhanced. This was
attributed to increased tumour-infiltrating lymphocytes (TILS), increased expression of pro-immune
activating cytokines and cell types, as well as downregulated pro-tumorigenic cytokines, all of which
were observed after treatment. Given our current findings, it is tempting to speculate that blocking PS
on target cells may also result in an increased susceptibility of these cells to perforin and therefore
cytotoxic T cell attack, which could also contribute to the observed result of enhanced killing. Specific
experiments looking at this will be worthwhile endeavours in the future. Interestingly, small doses of
radiotherapy have been shown to be associated with increased PS exposure (Davis et al., 2019) and
reported to induce angiogenesis around the tumour at the site of radiation exposure (Sofia Vala et al.,
2010). A study using SapC-DOPS nanovesicles suggested this increase of PS could be utilised to
sensitise cells prior to treatment with the PS-targeting nanovesicles (Davis et al., 2019).

It is worth noting that Phase 1 clinical trials using the PS specific antibody Bavituximab in
combination with radiation therapy and chemotherapy (Capecitabine) have shown no toxicity (Meyer,
2018), paving the way for more extensive trials of PS antibodies in combination with traditional treatment
regimens such as chemotherapy and radiotherapy. However, a recent review detailing antibody
targeting of PS for the detection and immunotherapy of cancer (Belzile et al., 2018) has been criticised
for the lack of discussion about the potential risk of complications relating to increased risk of
thromboembolic events when PS is targeted (Zohar & Shoenfeld, 2018). Future studies will need to be
carefully designed to account for this risk to ensure benefits outweigh potential side effects of the

treatment.
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Chapter 6 Conclusion and Future Directions

6.1 “Lipid Order and Charge Protect Killer T cells from Accidental Death”

The first indications that CTL are protected from their own cytolytic granules within the synapse
came from the early observations of killer cells being able to kill multiple target cells in succession,
without being killed themselves (Berke et al., 1972; Rothstein et al., 1978). At this time, the mechanism
of cytotoxicity was yet to be elucidated, nor had either perforin or granzymes been discovered, and so
it was not possible to address the issue of CTL survival at the molecular or cellular level (Golstein,
1974). During the 1980s, population cell-based experiments identified the resistance of the CTL
membrane to the content of their own cytolytic granules (Blakely et al., 1987; Shinkai et al., 1988; Verret
et al., 1987). Although these studies hypothesized that such resistance would be important for the
protection of killer cells during synapse interactions, no direct evidence that the CTL was specifically
protected from perforin within the spatial confines of the immune synapse was presented, due to

technical limitations and the lack of knowledge of the lipid organisation of the immune synapse.

In 2013, Lopez et al (Lopez, Susanto, et al., 2013) developed a novel technique in which PI
added to culture medium would fluoresce upon entry into the target cell through transiently formed
perforin pores - this allowed the observer to infer perforin pore formation in a live single-cell microscopy
setting. Notably, the ‘blush’ of PI fluorescence was virtually never observed in the killer cell (see below).
Importantly, this technique was applicable for use in imaging of immune synapse interactions. It
permitted a detailed analysis and recording of discreet events such as the effector-target cell
conjugation, calcium influx into the effector cell that triggers degranulation, target cell permeabilization
by perforin and target cell apoptosis (Lopez, Jenkins, et al., 2013; Lopez, Susanto, et al., 2013). In this
study, which analysed innate and adaptive cytotoxic lymphocytes from both mice and humans, it was
conclusively shown that the cytotoxic lymphocyte membrane is protected from perforin pore formation
within the immune synapse, as <1% of effector cells were permeabilized by perforin during synapse
formation with target cells that were invariably punctured by perforin. This was the first direct evidence
of cytotoxic lymphocytes being protected from their toxic cargo specifically due to resistance of the pre-
synaptic membrane to perforin. In this same study (Lopez, Jenkins, et al., 2013), it was found that when
loaded with a cognate peptide antigen, CTLs could become targets and be killed by a similar syngeneic
CTL, indicating that protection from perforin is not absolute, but rather, is deployed specifically by the
cell imparting the lethal hit, but not in the target. However, how this distinction could be made in cells

derived from the same starting population remained unknown.

In this thesis, we identify that pre-synaptic membrane composition of CTLs is the primary factor
in their protection from perforin (Rudd-Schmidt et al., 2019). Comprehensive experiments performed
on both ternary lipid bilayer mixtures and with far more complex, but physiologically relevant whole cells
demonstrated a clear preference of perforin binding for low order membranes, with high order
membranes being refractory to perforin binding. This is consistent with the previous observations that
perforin resistance is enhanced during synapse formation (Lopez, Jenkins, et al., 2013), as high

membrane order lipid rafts are known to converge on the pre-synaptic membrane of effector cells
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(Burack et al., 2002; Gaus et al., 2005; Owen et al., 2010), while antigen-presenting cells have their

MHC class 1 locating to lower membrane order ‘non-raft’ regions (Goebel et al., 2002).

In addition to the ‘shield’ of high membrane order which protects the CTL from perforin binding,
we have also found that PS is exposed on the outer leaflet of the pre-synaptic CTL membrane binds
and inactivates any residual perforin that may bind. PS is normally localised to the inner leaflet of the
plasma membrane and is only exposed when a cell undergoes apoptosis, but this is not the case with
cytotoxic lymphocytes engaged in synapse formation. Thus the calcium influx results in the localised
inhibition of flippase (Fischer et al., 2006; Ma et al., 2017) leading to PS externalisation at the pre-
synaptic membrane, and this correlates well with the finding of increased perforin resistance during
synapse formation. Overall, the combination of a high membrane order ‘shield’ and a sink of negatively
charged PS to bind and inactivate any perforin that reaches the CTL membrane (Figure 6.1), provides
CTLs with a level of redundancy in their self-protection, allowing them to function as effective serial

killers.

The importance of this is paramount, as “unregulated binding and pore formation by perforin
on the plasma membrane of CTLs and other cytotoxic lymphocytes would make immune killer cells as
vulnerable to their own secreted potent cytotoxins as a target cell, and greatly reduce the efficiency of
a cytotoxic response to dangerous pathogens. For example, killer cells would have to be raised in at
least equal numbers to virus-infected cells to ensure clearance of any infection (Bocharov et al., 2015;
Seedhom et al., 2009)—this would be a particular challenge in major organs such as the liver, where
many trillions of parenchymal cells are typically infected in a very short time-frame. In addition, if every
CTL was to die following interaction with a target cell, this would preclude any antigen-experienced CTL
from differentiating into a memory cell. Clearly, such a scenario would have dire repercussions for the
immune system’s ability to efficiently eliminate serious pathogens, while compromising antigen recall
responses and immune homoeostasis. It is therefore not surprising that mammals have evolved
mechanisms to ensure that perforin’s deleterious effects on the killer cell are carefully controlled, just
as there are multiple mechanisms in place to prevent the premature activation of perforin during its
biosynthesis, processing, storage and release (Brennan et al., 2011; House et al., 2017; Lopez et al.,
2012).”
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Figure 6.1: “Mechanism of cytotoxic lymphocyte protection from secreted perforin.

Illustration of a cytotoxic lymphocyte forming an immune synapse (shown are the microtubule-organizing centre and

cytotoxic granule polarization), with granzymes (black dots) entering the target cells through perforin pores (light blue)

in the target cell plasma membrane. High lipid order domains (red) and exposed phosphatidylserine (green) at the

immunological synapse protect the lymphocyte against the perforin it secretes.”  *Image created by Dr Adrian Hodel and

reproduced from (Rudd-Schmidt et al., 2019)
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6.2 Future Directions

In the current study we have identified the importance of membrane lipid order and charge in
the resistance of CTLs to recombinant perforin, and extended the study to show that these lipid
properties are highly relevant to the physiologically-relevant protection of CTLs during synapse
formation. However, we are yet to directly visualise these protective mechanisms at play within the
immune synapse, largely due to technical limitations. The immune synapse occupies a very small area,
making direct visualisation of perforin/plasma membrane interaction a difficult task. Standard confocal
microscopy suffers from the trade-offs that must be made between temporal and spatial resolution, and
high-resolution TEM suffers from the sacrifice of all temporal information for high spatial resolution. One
avenue we are currently pursuing is the usage of Lattice Light Sheet microscopy. This technology can
provide detailed x-y-z resolution in combination with far superior temporal resolution (up to 1 entire
volume containing a CTL/target cell immune synapse interaction per second). This form of microscopy
has already been used successfully to image CTL synapses (Chen et al., 2014; Ritter et al., 2015), and
work has been begun with our collaborators to replicate these experimental systems with the addition

of exogenous annexin V as a marker of PS exposure.

The overarching experimental goal in further testing the findings in this thesis is to reach a point
where we can sensitise CTLs to their own perforin, without affecting their ability to form a functional
synapse. As high order lipid rafts play a central role in T cell signalling, it becomes difficult to reduce
membrane order without affecting synapse formation. However, it may be possible to overcome this
issue by utilising Antibody Dependent Cellular Cytotoxicity (ADCC). Experiments are already ongoing
in our laboratory where CD20 expressing B cells are labelled with Rituximab, allowing them to be
targeted by NK cells, and mimicking the mechanism by which patients’ leukaemia and lymphoma cells
are killed clinically (Salles et al., 2017). As this synapse may be formed differently to a conventional
immune synapse, it may be less reliant on lipid-raft enabled signalling, but still provide directional
release of perforin. In this way it may be feasible to reduce membrane order using 7KC before synapse
formation, and then observe the effect on self-protection, which one would expect to be disrupted. Of
course, the secondary protective mechanism of PS exposure by CTLs may also provide some

redundancy to the high membrane order ‘shield’, a further factor to consider in these experiments.

Our current findings suggest that variations in membrane lipid composition might enable
transformed cells to resist CTL attack, either constitutively, or in the context of cancer immunotherapy.
Indeed, CTL attack may inadvertently select for such variants. The development of cancer
immunotherapies has been one of the most exciting breakthroughs in cancer treatments, and has
quickly been established as a new pillar of treatment. However, despite success in treatment of some
blood cancers with CAR T cells (Maude et al., 2014; Porter et al., 2015) treatment of solid tumours had
been relatively unsuccessful (Long et al., 2018). Checkpoint blockade has also provided very promising
results in some, but not all cancers (Ribas & Wolchok, 2018). With very high membrane order (Guo et
al., 2014; Rysman et al., 2010) and PS exposure (Riedl et al., 2011) already noted to be features of

several cancer cell types, a marker that differentiates tumours based on their membrane properties may
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be a therapeutically useful reagent. Given that TMH1-GFP-PRF can be used to measure perforin
binding without inducing pore formation, TMH1-GFP-PRF identifies itself as a potential marker of
tumour cells that may be resistant to perforin. Interpreting these results would need to take into account
the ability of PS to bind and inactivate perforin, even on membranes that otherwise bind little perforin.
Thus, TMH1-GFP-PRF binding as a single bio-marker may not directly correlate with target cell
susceptibility. Therefore, a specifically designed screen combining TMH1-GFP-PRF and Annexin V to
assess both lipid order and charge, may have more success as a diagnostic marker. Such an
assessment could help inform treatment options appropriate for individual patients, based on how

susceptible their tumour may be to perforin-dependent cytotoxic lymphocyte Kkilling.

Potential therapeutic options to target both lipid order and charge are currently available and
are being trialled in other contexts. Omega 3 fatty acids are already being considered as adjuvant
therapies for cancer (Serini et al., 2016) and, as discussed in Chapter 5, antibodies targeting PS are
already undergoing clinical trials. Our current study suggests these therapeutic approaches may have
a lot to offer for sensitising tumour cells for targeting by immunotherapy. A whole genome CRISPR
screen to determine the genes involved in perforin resistance, similar to those conducted to determine
critical drives for tumour cell resistance to CTL killing (Kearney et al., 2018) might also be used to

identify targets for genetic modification to sensitise cells to immunotherapy.
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Appendix 1: Detailed Atomic Force Microscopy
Methods

(Experiments designed and performed by Dr Adrian Hodel)

“Materials and Methods

Lipid vesicle and AFM sample preparation

1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS), egg SM, cholesterol, and 7KC were purchased from Avanti Polar Lipids (Alabaster, AL,
USA) as powder or dissolved in chloroform. The lipids were mixed in the desired molar ratio, and small
unilamellar vesicles were prepared using the lipid extrusion method (Leung et al., 2017) (Hope et al.,
1985). Indicated lipid ratios and percentages refer to molar values and are given with £5% confidence

intervals.

A total of 4 pL of the small unilamellar vesicles were injected onto a freshly cleaved mica surface
(Agar Scientific, Essex, UK) in the presence of 80 pyL of 20mM HEPES, 150mM NaCl, 25mM Mg2+,
5mM Ca2+, pH 7.4, adsorption buffer. A 30 min incubation above the main transition temperature of
the lipids allowed the vesicles to rupture and adsorb onto the mica surface, yielding an extended lipid
bilayer film. Excess vesicles were removed by washing the samples at least nine times with 80 uL of
the adsorption buffer. Supported lipid bilayers containing DOPS (Figure 5.5) were washed with 20mM
HEPES, 150mM NaCl, 5 mM Ca2+, pH 7.4, instead of the adsorption buffer to remove Mg2+ or excess

Ca2+ ions, as they would interfere with perforin binding to the (negatively charged) membranes.

Perforin was diluted up to ca. tenfold in 20mM HEPES, 150mM NaCl and injected onto
supported lipid bilayers in the adsorption buffer, leading to a final protein concentration of about 150
nM, and incubated for 5 min at 37 °C. The AFM samples used in Figure 4.7 were incubated for a
reduced duration (2 min instead of 5 min) and subsequently washed six times with the adsorption buffer

to counteract excessive aggregation on some of the lipid mixtures under study.

For unlocking TMH1 perforin and TMH1-GFP perforin after their binding to the membrane
(Figures 4.8 and 5.5), the mutant proteins were incubated with 2mM DTT (Sigma-Aldrich) for 10 min at
37 °C.

Mobile, membrane-bound TMH1-PRF in Fig. 5.5 was fixed by addition of 0.04% glutaraldehyde
(TAAB Laboratories, Reading, UK), labelled +GA in the figures) and 10 min incubation at room
temperature. The samples were next washed with 20mM HEPES, 150mM NaCl, 5mM Ca2+, pH 7.4,
prior to AFM imaging.
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AFM imaging and data processing

AFM images were recorded by force-distance curve-based imaging (PeakForce Tapping) on a
MultiMode 8 system (Bruker, Santa Barbara, CA, USA). PeakForce Tapping was performed at 2 kHz
and a maximum tip-sample separation between 5 and 20 nm. Images were typically recorded at ca. 6
min/frame on an E scanner (Bruker, Santa Barbara, CA, USA) with temperature control. MSNL-E and
-F probes (Bruker, Santa Barbara, CA, USA) were used at forces between 50 and 100 pN.

Raw AFM data were processed in NanoScope Analysis software version 1.80 (Bruker, Santa
Barbara, CA, USA). AFM images were flattened with respect to the lipid surface, using a height
threshold and second-order flattening. Height values indicated in the manuscript are given with £1 nm
confidence intervals, with the uncertainty related to both scanner calibration and the possible sample
deformation in the AFM images. Values for perforin coverage (Figure 4.7) were estimated by
considering the number of pixels above a height threshold, located 6—8 nm above the membrane
surface and adjusted to counteract broadening effects of differently shaped AFM tips. The values for
perforin coverage obtained by this method are either given as area percentage, or as values between
0 and 1 when normalized with respect to a 100% DOPC reference. In the case of Fig. 5.5c, for which
we recorded data at a higher pixel resolution, the perforin coverage was determined by tracing pore
shapes with 3dmod 4.9.4 (BL3DEMC & Regents of the University of Colorado, (Kremer et al., 1996)).
The traces were normalized with respect to a reference coverage as measured on pure DOPC

membranes, resulting in values of coverage between 0 and 1.”
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Lipid order and charge protect killer T cells from
accidental death
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Killer T cells (cytotoxic T lymphocytes, CTLs) maintain immune homoeostasis by eliminating
virus-infected and cancerous cells. CTLs achieve this by forming an immunological synapse
with their targets and secreting a pore-forming protein (perforin) and pro-apoptotic serine
proteases (granzymes) into the synaptic cleft. Although the CTL and the target cell are both
exposed to perforin within the synapse, only the target cell membrane is disrupted, while the
CTL is invariably spared. How CTLs escape unscathed remains a mystery. Here, we report
that CTLs achieve this via two protective properties of their plasma membrane within the
synapse: high lipid order repels perforin and, in addition, exposed phosphatidylserine
sequesters and inactivates perforin. The resulting resistance of CTLs to perforin explains their
ability to kill target cells in rapid succession and to survive these encounters. Furthermore,
these mechanisms imply an unsuspected role for plasma membrane organization in pro-
tecting cells from immune attack.
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ARTICLE

he immune system relies heavily on killer T cells (cytotoxic

T lymphocytes, CTLs) to eliminate virus-infected or can-

cerous cells. A CTL binds to, and forms an immunological
synapse with its target, then secretes a Ca?T-dependent pore-
forming protein (perforin) and a cocktail of pro-apoptotic serine
proteases (granzymes) into the synaptic cleft}?. Perforin-
mediated membrane disruption is indispensable for allowing
granzymes access to key substrates in the target cell cytosol,
enabling the initiation of apoptosis of dangerous cells and to
maintain immune homoeostasis. Consequently, failure to release
functional perforin results in fatal immune dysregulation or
increased susceptibility to viruses and to haematological
cancers!34,

In a first and essential step, secreted perforin interacts with a
target cell via Ca?t-dependent membrane binding, mediated
through its C2 domain. This is followed by oligomerization into
short and non-inserted prepore assemblies and, ultimately, by
insertion and further assembly of an entire mature pore across the
plasma membrane®~’. Although the CTL and the target cell
plasma membranes are both exposed to perforin within the
synapse, paradoxically, only the target cell membrane is dis-
ruptedS. As a consequence, granzymes will penetrate and kill the
target cell, whereas the CTL is almost invariably spared.

A number of mechanisms have been advanced to account for
this apparently unidirectional action of perforin. Early reports
indicated that perforin binds to specific lipid headgroups®, but
subsequent work suggested tight lipid spacing to be a more
relevant factor, making lymphocytes inherently resistant to per-
forin!0, Yet CTLs can be killed by fratricide, provided that they
can present cognate peptide on MHCIS. Other explanations
advanced to date include cleavage and inactivation of secreted
perforin by the constitutive lysosomal cysteine protease cathepsin
B (CatB)!l, but this hypothesis was also refuted as CTLs from
CatB-null mice survive multiple successive interactions with
target cells with the resilience of CatB-competent counterparts!2.
In addition, some lymphocyte protection may potentially be
acquired through externalization of an abundant cytotoxic

granule transmembrane protein, LAMP-1!3. These various
explanations should be considered in the context of recent single-
cell analyses, which revealed that more than 95% of killer lym-
phocytes survive their encounter with a single target, ensuring
their ability to disengage, then engage again to successively kill
other dangerous cells®!*. This result highlights the extraordinary
effectiveness of the mechanism(s) underpinning the target-cell
specificity of, and/or lymphocyte protection against perforin in
the immune synapse.

In this study, we use a variety of biochemical, biophysical and
cell biological approaches to resolve the critical and long-standing
question of the unidirectional action of perforin in the immu-
nological synapse. We demonstrate that the CTL protects itself
from perforin by dynamic control of its membrane lipid com-
position. Specifically, we identify two protective mechanisms: the
CTL membrane repels perforin by arranging its lipids in a higher-
ordered state (lipid rafts) at the immunological synapse, while
also exposing phosphatidylserine (PS) within the synapse, thus
creating a negatively charged sink that sequesters and inactivates
any residual perforin. The resistance of CTLs to perforin
underpins their capacity to kill multiple targets, and enables them
to maintain immune homoeostasis.

Results
CTLs are resistant to perforin binding and lysis. We initially
explored whether killer lymphocytes are intrinsically more
resistant to perforin than their targets, and found that both pri-
mary activated CTLs (CD8* T cells from BL/6 OTI transgenic
mice) and natural killer cells (isolated from BL/6 mice) required
10s- to 100s-fold more recombinant perforin to achieve the same
level of lysis as common target cell lines (Fig. 1a). This suggests
that perforin binds less efficiently to killer lymphocyte mem-
branes and/or that its pore-forming function is impaired on these
membranes.

To assess perforin binding levels without the confounding
effect of cell lysis, we used a non-lytic mutant of perforin (TMHI1-
PRF) that binds as efficiently to target membranes as wild-type
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Fig. 1 CTLs bind less perforin and resist pore formation. a >!Cr release cytotoxicity assay on CTLs, natural killer (NK) cells, and EL4 and P815 target cells
upon exposure to recombinant WT-PRF. CTLs are 2-3 orders of magnitude more resistant than target cells, as assessed at 50% >'Cr release (dotted lines).
Curves represent Michaelis-Menten fits to the data. b Binding of TMH1-GFP-PRF to a 1:1 mixture of CTL and EL4 cells, as assessed by flow cytometry, with
GFP geometric mean fluorescence intensity (MFI) measured in relative units (RU). The cells were stained with anti-CD8-allophycocyanin (APC) prior to
flow cytometry to differentiate the two cell types. The comparison was made for CTL and EL4 cells of the same size, as derived from forward and side
scatter. Curves represent Michaelis-Menten fits to the data. Inset: example of flow cytometry data with TMH-GFP-PRF staining of a 1:1 mixture of CD8%
(CTL) and CD8~ (EL4) cells. ¢ Ca2™ influx into Indo-1 AM labelled CTL and EL4 cells upon exposure to sub-lytic amounts of WT-GFP-PRF. Membrane
perforation by perforin was measured via the Ca2* influx over time, detected as an increase in the ratio of violet (400 nm) to blue (475 nm) fluorescence
emission; WT-GFP-PRF was added at t = 0. See Supplementary Fig. 1b, ¢ for control experiments that demonstrate similar levels of perforin binding to both
cell types, as well as the specificity of the observed difference to perforin. Curves provide a visual guide connecting data points. Throughout the panels,
each data point represents a mean * standard error of mean (s.e.m.) of three independent experiments. Source data for all panels are provided as a Source

Data file.
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perforin (WT-PRF), but incorporates an engineered disulphide
bond that tethers the transmembrane domain and prevents its
insertion into the target cell membrane®. Upon binding to the
membrane, TMH1-PRF instead forms short prepore oligomers
on the membrane, which represent a transient, intermediate state
of WT-PRF pore assembly®. GFP-tagged variants (WT-GFP-
PRF!> and TMH1-GFP-PRF) enabled us to measure perforin
binding to cells directly by fluorescence. As previously shown for
TMH1-PRFS, the pore forming and lytic functions of TMHI-
GFP-PRF were restored by reducing the engineered disulphide
bond with dithiothreitol (DTT, Supplementary Fig. la). Using
TMH1-GFP-PRF, we found that CTLs (CD87) indeed bound less
perforin than EL4 (CD87) target cells of the same size (Fig. 1b,
Supplementary Fig. 2a).

Although lower than the observed binding levels for target
cells, perforin binding to CTLs is far from negligible (Fig. 1b), yet
their plasma membranes almost invariably withstand disruption,
as shown here and elsewhere®. Moreover, when the concentration
of WT-GFP-PRF was adjusted so that CTLs and target cells
bound similar amounts of perforin to their membranes, the CTL
membranes still remained intact, while the target cell membranes
were perforated, as indicated by Ca2t flux (Fig. 1c, Supplemen-
tary Figs. 1b, ¢, 2b). These results were confirmed further by
demonstrating the survival of CTLs despite their binding
significant amounts of WT-GFP-PRF (Fig. 2a, —EGTA, Supple-
mentary Fig. 2a; note the significant GFP* population for CD8+
cells at 37 °C).

We next (Fig. 2a, +EGTA) compared this CTL-bound perforin
with the two known assembly states of perforin. In the early
stages of pore formation, non-porating, prepore assembly
intermediates are formed by WT-PRF at lower temperature and
by TMHI1-PRF in the absence of DTTO. These prepores can be
removed from the membrane by depleting free Ca2t by the
addition of EGTA. After binding, WT-PRF can form functional,
transmembrane pore assemblies on target cells and model
membranes at 37 °C. These perforin pores are EGTA resistant!©.
Intriguingly, although not lytic, the CTL-bound WT-GFP-PRF
resembled functional, membrane-inserted perforin by being
resistant to EGTA (Fig. 2a, +EGTA, Supplementary Fig. 2a).
This is in contrast to the EGTA sensitivity shown by the non-lytic
TMH-GFP-PRF (Fig. 2b; for quantification of all conditions, see
Fig. 2¢). Taken together, these observations indicate that CTLs
have an additional layer of protection, where membrane-bound
perforin remains non-functional (i.e., non-porating) despite being
apparently inserted into the membrane.

To explain both the reduced membrane binding and the
reduced functionality of membrane-bound perforin on CTLs, we
hypothesized that CTL plasma membranes may be more resistant
to perforin binding and pore formation due to their lipid
composition!?. This hypothesis was also motivated by the
observations that perforin does not require partner proteins for
its membrane binding and pore formation; that it has no known
inhibitors in the CTL membranel?; and that our experiments
(Supplementary Figs. 2c, 3) did not confirm a previously
postulated protective role of cytotoxic granule membrane protein
CD107a (LAMP-1)13,

High lipid order protects membranes from perforin binding.
To assess perforin binding and pore formation on membranes of
defined lipid composition, we used atomic force microscopy
(AFM) on supported lipid bilayers®!7-20. Ternary mixtures of
cholesterol, sphingomyelin (SM) and (liquid-phase) phosphati-
dylcholine (PC) provided general biophysical model systems for
the plasma membrane in which to assess the effect of lipid
order?!-23, By systematically varying membrane order across

single-phase and phase-separated regimes of this model mem-
brane system (Supplementary Fig. 4), we found that perforin
(specifically: WT-PRF) readily forms pores on PC-rich, liquid-
disordered lipid phases, but avoids SM/cholesterol-rich liquid-
ordered domains (Fig. 3a, b). Overall, higher SM and cholesterol
content caused the membranes to be increasingly refractory to
perforin pore formation (see dark areas in Fig. 3a), coinciding
with regimes of enhanced lipid order?!-23. Membrane binding of
the non-porating TMH1-PRF mutant followed the same pattern
(Supplementary Fig. 5), demonstrating that the observed reduc-
tion in WT-PRF pore formation on SM/cholesterol-rich mem-
branes was due to a reduction in perforin binding. When more
disorder-prone variants of SM (18:1 SM24) and of cholesterol (7-
ketocholesterol, 7KC?®) were used, perforin binding and pore
formation were restored (Fig. 3¢, d, Supplementary Fig. 6). Hence
increased lipid order causes membranes to be refractory to per-
forin binding (and thus also to pore formation).

To test the effect of membrane order in live cells?®, we reduced
membrane order in CTLs by loading them with increasing
quantities of 7KC2?>—thus substituting cholesterol in the
membrane—prior to perforin exposure (Fig. 4a). Of note, a
non-toxic concentration of 7KC (as used here) did not sensitize
the cells to osmotic stress (Fig. 4b, ¢, Supplementary Fig. 2d). As
predicted by our AFM findings, increased disorder in the CTL
plasma membrane led to an increase of TMH1-GFP-PRF binding
(Fig. 4d, Supplementary Fig. 2e) and accordingly to an increase in
lysis by WT-PRF (Fig. 4e, Supplementary Fig. 2d), compared with
cholesterol-treated cells. Remarkably, thus treated CTLs had their
perforin sensitivity increased by up to tenfold, to levels
comparable with untreated target cells (Fig. 4e). This increased
sensitization to perforin was also observed for primary natural
killer cells (Fig. 4f), but less so for target cells (Fig. 4e). We
conclude that enhanced lipid order in the CTL plasma membrane
reduces the efficiency of perforin binding. Consistent with this
conclusion and the differences in perforin sensitivity between
CTLs and their targets (Figs. 1, 2), we also note that CD8% T cells
show over 30-fold higher staining for lipid raft marker GM1 than
target cells (Supplementary Fig. 7).

PS inactivates membrane-bound perforin. Having determined a
lipid-based mechanism that protects CTLs from perforin binding,
we next set out to further explore our surprising observation of
non-functional, yet membrane-bound and possibly inserted per-
forin on the CTLs (Figs. 1b, ¢, 2). To this end, we expanded the
AFM analysis to phospholipids that are typically located in the
inner leaflet of the plasma membrane?’. Surprisingly, we found
that perforin efficiently bound to membranes composed of PS,
but did not form the well-defined, static arc- or ring-shaped
assemblies that are characteristic>®!° of transmembrane pores
(Fig. 5a). Instead, WT-PRF and DTT-unlocked TMHI-PRF
formed static protein clusters on PS, which sat up to ~5nm
higher above the membrane surface than locked (—DTT) TMH1-
PRF prepores on both PC and PS. These static clusters were also
higher (by the same amount) than functional perforin (WT-PRF
and TMHI1-PRF +DTT) on PC membranes. Fully consistent with
our observations on CTL-bound perforin (Fig. 2a), the perforin
clusters on PS membranes were resistant to Ca>t depletion by
EGTA (Fig. 5b). In binary PC/PS mixtures, cluster formation was
increased and functional pore formation reduced upon increasing
PS content (Fig. 5¢). We explored these unexpected observations
further by assessing the behaviour of perforin on model mem-
branes doped with other negatively charged lipids, specifically:
DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) or
CS (cholesterol sulphate). Similar to PS, perforin pore assembly
was impaired on both membranes (Supplementary Fig. 8). These
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Fig. 2 Residual perforin bound to CTLs is deactivated. a Binding of WT-GFP-PRF to EL4 (CD8~) and CTL (CD8%) cells, at concentrations that are sub-lytic
to CTLs, as assessed by flow cytometry. At 4 °C and in the presence of Ca2+ (—EGTA), both cell types bind perforin (GFPT), but the CTLs at a lower level
than EL4 cells. At 37 °C and in the presence of Ca2t (—EGTA), WT-GFP-PRF is lytic to the EL4 cells, so no significant CD8~ population remains under
those conditions (asterisks). Upon subsequent Ca2+ chelation by 2 mM EGTA, non-porating perforin assemblies (WT-GFP-PRF at 4 °C) are removed from
the cell membranes (GFP—). However, Ca?* chelation does not affect WT-GFP-PRF bound to CTLs at 37 °C (GFP™, dagger), despite WT-GFP-PRF being
apparently non-porating (see Fig. 1c). b Binding of non-lytic TMH1-GFP-PRF to EL4 (CD8~) and CTL (CD8%) cells, as assessed by flow cytometry. In the
presence of Ca2+ (—EGTA), TMH1-GFP-PRF binds to both cell types, but less to CTLs, as observed for WT-GFP-PRF. Upon subsequent Ca2* chelation
by 2mM EGTA (+EGTA), TMH1-GFP-PRF is invariably removed from the cell membranes, leaving only GFP~ populations (both at 4 °C and 37 °C).

¢ Quantification of flow cytometry results, with MFI of WT-GFP-PRF and TMH-GFP-PRF signals, normalized to the respective MFls for the CD8~
population at 4 °C. EGTA exposure drastically reduces the GFP MFI for all cases at 4 °C and for (non-lytic) TMH1-GFP-PRF at 37 °C. By contrast, WT-GFP-
PRF is EGTA resistant once bound to CD8 cells at 37 °C. Note that the low GFP MPI at 37 °C in the first panel (CD8~, WT-GFP-PRF) is due to the
majority of the CD8~ cells being killed and thus not yielding a GFP signal in the flow cytometer anymore. The TMH1-GFP-PRF data (—EGTA) allow for a
quantitative comparison between binding to CD8+ and CD8~ cells, showing that the CTLs (CD8%) bind less than half as much perforin as the target cells
(CD87). Each column represents a mean (s.e.m.) of three independent flow cytometry experiments. Source data for ¢ are provided as a Source Data file.

results show that the abnormal behaviour of perforin on PS
membranes, i.e., the formation of non-porating assemblies, is due
to the negative charge of the membrane surface.

On closer inspection by negative-stain electron microscopy on
PS monolayers (Fig. 6a), the perforin clusters were found to
consist of intermediates that appear similar to prepore (TMHI1-
PRF) assemblies in their size and subunit spacing (for
quantification, see Fig. 6b, c), albeit more aggregated. Specifically,
the subunit spacing of the clustered assemblies is 3.8 + 0.8 nm,
compared with 3.7+0.7nm for the locked TMHI1-PRF as
measured on PS here, and with 3.86+0.13nm for locked

TMHI1-PRF and with 2.55+0.09nm for functional perforin
pores (WT-PRF and TMHI1-PRF +DTT) as previously deter-
mined on PC-rich membranes®. Taken together, these observa-
tions on PS are consistent with perforin assembly that is trapped
in a dysfunctional (dead-end) state that prevents it from
completing the prepore-to-pore transition.

If our hypotheses are correct, we would expect perforin to
colocalize with exposed PS8 on the CTL plasma membrane. To
test this, we performed confocal microscopy on activated CTLs
that were pre-treated with annexin V-Alexa Fluor 568, as a
marker for PS exposed on the cell surface?. Importantly, this pre-
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Fig. 3 Lipid order protects membranes from perforin pore formation. a Perforin coverage (as % of membrane surface, as assessed by AFM imaging) after
incubation of supported DOPC/egg SM/cholesterol bilayers with 150 nM WT-PRF, as a function of the molar fractions (x) for the constituents of the
bilayer (total =1). See Supplementary Fig. 4 for explanation of the lipid phases observed in these membranes. Source data are provided as a Source Data
file. b AFM images of perforin pores on supported lipid bilayers of the compositions i-iv labelled in a. AFM samples were incubated and imaged at 37 °C.
For the area marked by a pink square in the top right image, the colour scale has been saturated (4 nm instead of 25 nm full range) to more clearly identify
the enhanced thickness (height) of a liquid-ordered domain and the absence of perforin pores (white at this scale) on such domains. Throughout the
images, lipid-phase boundaries are marked by dashed lines. Scale bar, 500 nm. ¢ Representative AFM scans of supported DOPC bilayers, doped with
different relative amounts of 18:1 SM (0-100%), and incubated with 150 nM WT-PRF. The doping with this disorder-prone SM variant does not appear to
affect perforin pore formation, showing a similar coverage across all samples. This demonstrates that the observed perforin inhibition on egg SM
membranes in a and b is not due to the SM headgroup (identical for egg SM and 18:1 SM), but due to the SM-induced changes in membrane order; unlike
egg SM, pure 18:1 SM is in a liquid disordered state at 37 °C, just like DOPC24, Colour scale as in b. Scale bar, 200 nm. d As ¢, for comparison, except that
the DOPC bilayer was doped with egg SM (0-100%). Phase separation is visible at 80%, and perforin coverage is notably diminished at 100% egg SM.
These images were extracted from the dataset used to compose the plot shown in a. Note the different length scale. Colour scale as in b. Scale bar,
500 nm. All samples were incubated and imaged at 37 °C.

labelling with annexin V ensured detection only of PS already
exposed on the CTL membrane before perforin addition, thus
avoiding any contribution of PS flip/flop upon perforin associa-
tion with the plasma membrane3?. WT-GFP-PRF colocalized
with punctate regions corresponding to (non-apoptotic) externa-
lized PS (Fig. 7a, b). These punctate regions were also enriched for

the lipid-raft marker cholera toxin B (labelled GM1 in Fig. 7a, b),
as was previously reported for both CTLs3! and B cells*2. To
directly investigate the efficacy of this protective mechanism,
WT-GFP-PRF was added to a 1:1 mixture of EL4 cells and CTLs
in the presence of annexin V-Alexa Fluor 647 to identify exposed
PS (Fig. 7c). EL4 cells bound perforin uniformly around their
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Fig. 4 Reduced membrane order sensitizes cells to perforin lysis. a Lipid order in the CTL plasma membrane for cells treated with different ratios of 7KC/
cholesterol, as measured by GP values26 (see Methods). Data points represent individual cells, measured in three independent experiments and are
overlaid with mean £ s.e.m.; statistical significance was assessed using ANOVA with Dunnett’s post-hoc analysis, where ‘'ns’-not significant, **p < 0.01,
**** < 0.001. b Determination of a non-cytotoxic concentration of 7KC. A total of 5 x 105 CTLs were treated with increasing amounts of a 75% 7KC/25%
cholesterol mix in M3CD, and cell death assessed by propidium iodide (PI) staining. A total of 2.25 uL/mL was chosen as the optimal concentration for
following cholesterol loading experiments. Data points show mean * s.e.m. of three independent experiments with the dotted line marking background cell
death (no sterol/MRCD added). ¢ 7KC treatment of CTLs does not sensitize cells to osmotic stress. >'Cr-loaded CTLs were treated with varying ratios of
7KC/cholesterol, incubated at different concentrations of NaCl, and cell death assessed by >'Cr release. Data points show mean of two independent
experiments, with three technical replicates each. d Perforin binding to CTLs pre-loaded with different ratios of 7KC/cholesterol. The GFP MFI of cells that
had been exposed to TMH1-GFP-PRF at 37 °C was measured by flow cytometry and normalized to the MFI of untreated cells. The data represent mean s,
e.m. of three independent experiments. e The reduced membrane order of 7KC-treated CTLs (red) and EL4s (blue) sensitizes the cells to WT-PRF lysis, as
determined by PI staining of untreated cells (circles) and cells loaded with 50% (squares), 66% (triangles) and 75% (diamonds) 7KC. Data points show
mean £ s.e.m. of three independent experiments. Curves represent Michaelis-Menten fits. f Reduced membrane order of 7KC-treated murine NK cells
sensitizes the cells to WT-PRF lysis. Data show mean Pl staining of untreated cells (circles) and cells loaded with 0% (squares) and 66% (triangles) 7KC.
Error bars represent s.e.m. (n =3 for all points except highest perforin concentration where n=2). Source data for all panels are provided as a Source

Data file.

periphery and were lysed within minutes, whereas on CTLs,
perforin signal was strongly associated with distinct regions
where PS was exposed (Fig. 7b, ¢; Supplementary Video 1). Of
note, nucleated cells employ an exocytic membrane repair
response that is capable of protecting cells from an acute perforin
lysis!®, meaning EL4 cells do not immediately become annexin V
positive, at least not for the perforin concentrations used here.
However, over time, more EL4 cells die from perforin-induced
damage, as highlighted in Supplementary Video 2.

Overall, inefficient perforin binding to CTLs (Fig. 1b), coupled
with its inactivation by the plasma membrane PS, provides an
explanation for their resistance to perforin lysis (Supplementary
Video 2, Supplementary Fig. 9). Linking the results of AFM and
cell-based experiments, it is important to note that the effective
exposure of PS in the outer leaflet of our homogeneous supported
bilayer can be lower than the overall PS concentration by more
than a factor of 2, due to interaction of the charged PS
headgroups (in the inner leaflet) with the mica substrate33.
While this does not affect the overall trend observed for increased
PS contents, it implies that the externalized PS in the cell
membrane can be at levels well below 60% (observed in Fig. 5¢) to
achieve the same inhibitory effect on perforin pore assembly.

Taken together, we conclude that killer lymphocytes are
protected in at least two ways against the perforin they secrete:

the lipid ordering in their membranes acts as a deflective shield
against perforin binding and, in addition, perforin is scavenged
and neutralized via the formation of non-lytic perforin clusters
due to (negatively charged) PS that is externalized on the
lymphocyte pre-synaptic membrane.

To consider this in the context of the immune synapse, we note
that SM- and cholesterol-rich lipid domains (rafts) dynamically
re-arrange and merge at the CTL membrane during immune
synapse formation, as extensively demonstrated by others34-36,
Hence, the presynaptic membrane will have a further increased
lipid order compared with the overall CTL membranes tested
here, thus enhancing its protection against perforin binding. In
addition, PS was found to be exposed on T-cell membranes and
directed to the presynaptic membrane3!:37-38 (Fig. 7d; Supple-
mentary Video 3), allowing PS to act as a sink that binds and
inactivates any perforin reaching the CTL membrane in the
immune synapse (Fig. 8).

Discussion

Unregulated binding and pore formation by perforin on the
plasma membrane of CTLs and other cytotoxic lymphocytes
would make immune killer cells as vulnerable to their own
secreted potent cytotoxins as a target cell, and greatly reduce the
efficiency of a cytotoxic response to dangerous pathogens. For
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Fig. 5 Perforin forms non-porating clusters on phosphatidylserine membranes. a AFM images of DOPC and DOPS supported lipid bilayers after incubation
with TMH1-PRF without or with glutaraldehyde (+GA) fixation, with unlocked (+DTT) TMH1-PRF, or with WT-PRF. Height profiles were plotted as
acquired along the dashed lines in the AFM image. On DOPC, prepore locked TMH1-PRF, and TMH1-PRF +-DTT and WT-PRF assemblies all extend 10-11
nm above the membrane surface, in agreement with previous observations>€'9. On DOPS, fixed (and locked) TMH1-PRF assemblies have the same height,
but the clusters of unlocked TMH1-PRF (+DTT) and WT-PRF are distinctly taller, about 15 nm above the membrane. b AFM images of DOPS supported
lipid bilayers incubated with WT-PRF or TMH-PRF 4+-GA, before and after Ca2* chelation by washing the membrane with 5mM EGTA (+EGTA). Clusters
formed by WT-PRF are not removed or visibly affected by washing the membrane with EGTA. In contrast, cross-linked plaques of TMH1-PRF +GA are
removed after the EGTA wash. This is consistent with failure of TMH1-PRF to insert into the membrane® and suggests that WT-PRF partially inserts into
the DOPS membrane. All samples were incubated at 37 °C and imaged at room temperature. Colour (height) scale for all panels as in Fig. 3b. ¢ AFM
images of supported DOPC bilayers mixed with 0-100% DOPS, after incubation with 150 nM WT-PRF. The images show decreased formation of arc- and
ring-shaped perforin pores upon increased DOPS content, and an increased amount of clustering. Bar graph on the right shows quantification (see
Methods; mean * standard deviation) of pore formation on DOPS containing membranes: for 60% DOPS, there is a significant decrease in the number of
pores, and at 100% DOPS there are no unambiguous pore features found. Statistical significance was assessed using ANOVA with Dunnett's post-hoc
analysis, where 'ns'-not significant, ****p < 0.001. Scale bars, 200 nm.

example, killer cells would have to be raised in at least equal
numbers to virus-infected cells to ensure clearance of any
infection3®40—this would be a particular challenge in major
organs such as the liver, where many trillions of parenchymal
cells are typically infected in a very short time-frame. In addition,
if every CTL was to die following interaction with a target cell,
this would preclude any antigen-experienced CTL from differ-
entiating into a memory cell. Clearly, such a scenario would have

dire repercussions for the immune system’s ability to efficiently
eliminate serious pathogens, while compromising antigen recall
responses and immune homoeostasis. It is therefore not sur-
prising that mammals have evolved mechanisms to ensure that
perforin’s deleterious effects on the killer cell are carefully con-
trolled, just as there are multiple mechanisms in place to prevent
the premature activation of perforin during its biosynthesis,
processing, storage and release*! 43,
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Fig. 6 On DOPS, perforin assemblies retain properties found in prepores. a EM images of DOPC and DOPS monolayers after incubation with TMH1-

PRF (-DTT), unlocked TMH1-PRF +DTT, or with WT-PRF, at subunit resolution. On DOPC, TMH1-PRF prepores are visible as short, loose assemblies,
which grow into arc- and ring-shaped pores after unlocking (TMH1-PRF +DTT) or when using WT-PRF, accompanied by a tighter subunit packing, and fully
consistent with previous observationsé. On DOPS, initially short assemblies formed by TMH1-PRF appear similar to prepores formed on DOPC. After

unlocking with DTT or when incubating with WT-PRF, the clusters retain signatures of short assemblies, and lack the tight packing observed for perforin
pores. Scale bar, 50 nm. b Length distributions of assemblies as found in isolated assemblies and clusters on DOPS that show subunit repetitions (see
Methods). € Average subunit spacing (+ standard deviation) on DOPS; these results are comparable with previously published data on perforin prepore
(TMH1-PRF) assemblies formed on PC-rich membranes, with sizes ranging between 2 and 10 subunits and a subunit spacing of 3.86 + 0.13 nm; on such PC
rich membranes, pore assemblies are significantly larger and have a tighter subunit spacing, 2.55 + 0.09 nmé. Source data for b and ¢ are provided as a

Source Data file.

Here, we have demonstrated that some physiologically rele-
vant types of lipid membrane composition are far less suscep-
tible to perforin binding and/or poration than others; and that
CTLs use these more resistant lipid formulations in a two-
layered self-defence mechanism to maximize protection. In
particular, the lymphocytes become refractory to secreted killer
proteins due to increased plasma membrane lipid order, thus
reducing perforin binding, and the exposure of negative charge

on the membrane surface via PS, thus inactivating residual
perforin within the immune synapse. These self-protection
mechanisms provide each CTL with the ability to kill many
successive targets, which is essential for timely viral or cancer
cell clearance and for host immune homoeostasis. This repre-
sents a hitherto unsuspected role for lymphocyte lipid organi-
zation, going beyond previously demonstrated effects on
immune signalling**. Finally, our findings suggest a lipid-based
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Fig. 7 Perforin binding to phosphatidylserine on the CTL plasma membrane. a Colocalization of GM1 (detected by cholera toxin subunit B-Alexa Fluor 647),
externalized PS (detected by annexin V-Alexa 568) and recombinant WT-GFP-PRF (signal enhanced by GFP-TAG polyclonal antibody-Alexa 488) on a
CTL. The nucleus (blue) is detected by Hoechst 34580. b Quantitative analysis (see Methods) of a shows low colocalization levels of GM1 with PS (17%)
but high colocalization of PS with GM1 (88%) and PS with WT-GFP-PRF (83%). This indicates that the vast majority of PS is contained within lipid raft
areas (whereas there are many lipid raft areas which do not contain PS) and more than 80% of this PS binds WT-GFP-PRF. Sixty-two cells were analysed,
and the mean = s.e.m. of three independent experiments is shown for each condition. Source data are provided as a Source Data file. ¢ Montage of time-
lapse confocal microscopy (Supplementary Video 1). WT-GFP-PRF (green) was added at 1:17 min to a mixture of CTLs transduced with cherry-tubulin (red)
and EL4 cells (white asterisks). Hoechst 33342 staining (blue) shows the nucleus of both cell types. Annexin V-Alexa 647 (white) was maintained in the
culture medium throughout the assay; it binds to PS exposed on the CTLs and to PS on and within EL4 cells that are exposed to cytotoxic levels of perforin
and that lose membrane integrity. EL4 cells are seen to bind WT-GFP-PRF uniformly before gradually becoming annexin V positive, whilst perforin on the
CTL membrane localizes precisely (and almost immediately) to regions of exposed PS, without lysing the CTLs (Supplementary Video 2). d Montage of
time-lapse confocal microscopy (Supplementary Video 3) reveals a bright punctate region of PS (detected by annexin V-Alexa 488 maintained during
assay; shown in green) exposed on the CTL membrane during synapse formation. Cell Trace Violet labelled target cells (MC57, shown in blue) were
labelled with SIINFEKL and synapse formation is confirmed by the docking of the centrosome (detected by cherry-tubulin expressed in the Prfl=~/— CTL;
shown in red) at the point of contact between CTL and target. Timestamps in € and d are in minutes. Scale bars: a, 2 um; ¢, d, 10 um.

mechanism through which transformed cells might achieve lipids allowed the vesicles to rupture and adsorb onto the mica surface, yielding an

resistance to CTL attack, e.g. in the context of cancer extended lipid bilayer film. Excess vesicles were removed by washing the samples at
immunotherapies least nine times with 80 uL of the adsorption buffer. Supported lipid bilayers

: containing DOPS (Figs. 5, 6), DOPG, or CS (Supplementary Fig. 8) were washed

with 20 mM HEPES, 150 mM NaCl, 5 mM Ca?*, pH 7.4, instead of the adsorption

Methods buffer to remove Mg?* or excess Ca?™ ions, as they would interfere with perforin

Lipid vesicle and AFM sample preparation. 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), DOPG,
egg SM, N-oleoyl-p-erythro-sphingosylphosphorylcholine (18:1 SM), cholesterol,
cholesterol 3-sulphate (CS), and 7KC were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) as powder or dissolved in chloroform or in case of CS in a
chloroform/methanol/water mixture (20:9:1 volume ratio). The lipids were mixed
in the desired molar ratio, and small unilamellar vesicles were prepared using the
lipid extrusion method®#>. Indicated lipid ratios and percentages refer to molar
values and are given with 5% confidence intervals.

A total of 4 uL of the small unilamellar vesicles were injected onto a freshly
cleaved mica surface (Agar Scientific, Essex, UK) in the presence of 80 pL of 20 mM
HEPES, 150 mM NaCl, 25 mM Mg?*t, 5mM Ca?t, pH 7.4, adsorption buffer. To
form pure DOPG bilayers, an adsorption buffer containing 10 mM Ca2* and no
Mg?* was used. A 30 min incubation above the main transition temperature of the

binding to the (negatively charged) membranes.

Perforin was diluted up to ca. tenfold in 20 mM HEPES, 150 mM NaCl and
injected onto supported lipid bilayers in the adsorption buffer, leading to a final
protein concentration of about 150 nM, and incubated for 5 min at 37 °C. The
AFM samples used in Fig. 3 were incubated for a reduced duration (2 min instead
of 5min) and subsequently washed six times with the adsorption buffer to
counteract excessive aggregation on some of the lipid mixtures under study.

For unlocking TMHI perforin and TMH1-GFP perforin after their binding to
the membrane (Figs. 5, 6; Supplementary Fig. 5), the mutant proteins were
incubated with 2mM DTT (Sigma-Aldrich) for 10 min at 37 °C.

Mobile, membrane-bound TMH1-PRF in Fig. 5 was fixed by addition of 0.04%
glutaraldehyde (TAAB Laboratories, Reading, UK), labelled +GA in the figures)
and 10 min incubation at room temperature. The samples were next washed with
20 mM HEPES, 150 mM NaCl, 5 mM Ca2™, pH 7.4, prior to AFM imaging.
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Fig. 8 Mechanism of cytotoxic lymphocyte protection from secreted perforin. lllustration of a cytotoxic lymphocyte forming an immune synapse (shown
are the microtubule-organizing centre and cytotoxic granule polarization), with granzymes (black dots) entering the target cells through perforin pores
(light blue) in the target cell plasma membrane. High lipid order domains (red) and exposed phosphatidylserine (green) at the immunological synapse

protect the lymphocyte against the perforin it secretes.

AFM imaging and data processing. AFM images were recorded by force-distance
curve-based imaging (PeakForce Tapping) on a MultiMode 8 system (Bruker,
Santa Barbara, CA, USA). PeakForce Tapping was performed at 2kHz and a
maximum tip-sample separation between 5 and 20 nm. Images were typically
recorded at ca. 6 min/frame on an E scanner (Bruker, Santa Barbara, CA, USA)
with temperature control. MSNL-E and -F probes (Bruker, Santa Barbara, CA,
USA) were used at forces between 50 and 100 pN.

Raw AFM data were processed in NanoScope Analysis software version 1.80
(Bruker, Santa Barbara, CA, USA). AFM images were flattened with respect to the
lipid surface, using a height threshold and second-order flattening. Height values
indicated in the manuscript are given with +1 nm confidence intervals, with the
uncertainty related to both scanner calibration and the possible sample
deformation in the AFM images. Values for perforin coverage (Fig. 3) were
estimated by considering the number of pixels above a height threshold, located
6-8 nm above the membrane surface and adjusted to counteract broadening effects
of differently shaped AFM tips. The values for perforin coverage obtained by this
method are either given as area percentage, or as values between 0 and 1 when
normalized with respect to a 100% DOPC reference. In the case of Fig. 5¢ and
Supplementary Fig. 8, for which we recorded data at a higher pixel resolution, the
perforin coverage was determined by tracing pore shapes with 3dmod 4.9.4
(BL3DEMC & Regents of the University of Colorado,*®). The traces were
normalized with respect to a reference coverage as measured on pure DOPC
membranes, resulting in values of coverage between 0 and 1.

Electron microscopy. Negatively stained samples of perforin on pure DOPC and
DOPS monolayers were prepared in polytetrafluoroethylene (PTFE) troughs®47
containing 35 pL of buffer (20 mM HEPES, 150 mM NaCl, 5 mM Ca?*, pH 7.4)
containing ca. 1.2nM WT- or TMHI-PREF. In brief, 0.3 uL of 1 mg/mL lipid in
chloroform was placed at the air/buffer interface to form a lipid monolayer. After 1
min, a 200-mesh carbon-film-coated gold grid (Agar Scientific, Essex, UK) was
placed on the lipid monolayer and incubated for 15 min at 37 °C (for TMH1-PRF,
2mM DTT was added after 5 min). The samples were subsequently washed and
stained with 2% w/w uranyl acetate.

Electron micrographs were recorded on a 4kx4k Ultrascan 4000 CCD camera
(Gatan, Pleasenton, CA, USA), using a Tecnai T12 microscope (FEI Company,
Hillsboro, OR, USA) operating at an accelerating voltage of 120kV, a
magnification of 67k (1.64 A pixel size), and an underfocus of 0.5-1 pm. Final
adjustments on the raw images were done in Fiji/Image] 1.50e*5. Raw images were
processed with a Gaussian bandpass filter with a range of 4-300 pixels and binned
by a factor of two to reduce noise, yielding a 2048 x 2048 pixel image. The contrast
was adjusted with the Auto setting in the Fiji/Image] software.

In EM data with well-resolved assemblies and assembly subunits in perforin
clusters on DOPS (Fig. 6), histograms of assembly sizes and subunit distances were
obtained from a custom interface written in Matlab R2016A (Mathworks,
Cambridge, UK). Within the interface, perforin subunits were located and marked

by hand within each assembly. In the EM images recorded on DOPS, perforin
assemblies appeared sufficiently separated to distinguish them from one another,
and their subunits were sufficiently clear to allow such manual tracing.

Cell culture. Murine cell lines EL4 (ATCC TIB-39), P815 (ATCC TIB-64) and
MC57 (ATCC CRL-2295) were maintained in SAFC DMEM (Sigma-Aldrich,
Missouri, USA) media supplemented with 10% FCS (Gibco, Loughborough, UK),
15 mM HEPES (Merck, Missouri, USA), 44 mM NaHCO; (Merck, Missouri, USA)
and 2 mM Glutamax (Gibco, Loughborough, UK) at 37 °C in 10% CO,. Primary
murine CD8T T cells (CTLs) and purified natural killer cells were generated from
BL/6 OTI transgenic mice or BL/6 mice, respectively, and maintained as descri-
bed previously*” (approved by the Peter MacCallum Cancer Centre Animal Ethics
Committee).

Wild-type perforin (WT-PRF), perforin-GFP fusion protein (WT-GFP-PRF),
TMHI perforin mutant (TMH1-PRF) and its GFP fusion protein (TMHI-GFP-
PRF) were expressed and purified using baculovirus expression system®1°,

Sorting/surface staining analysis of transduced cells. To obtain a truncated
form of CD107a (LAMP-1) that is retained on the cell membrane!3, the sequence
was cloned into the MSCV-IRES-GFP retroviral vector and transduced into EL4
and Prfl~/= OTI T cells®. After sorting for equal protein expression levels of the
truncated CD107a construct and of an empty vector control (via GFP fluores-
cence), cells were stained (on the day of the °ICr release assay) with anti-CD107a-
phycoerythrin (PE) antibody (eBioscience, California, USA) to assess surface levels
of CD107a (Supplementary Fig. 3a). Cherry-tubulin fusion®® was cloned into an
MSCYV vector, naive CTLs transduced and Cherry-positive cells were sorted 3 days
later and used in experiments shown in Fig. 7c, d, Supplementary Fig. 9 and
Supplementary Videos 1-3.

Cytotoxicity assay. For °!Cr release assays®! (Fig. la, Supplementary Figs. 1a,
2b, c), 2 x 10 target cells were incubated with 200 uCi of >!Cr (sodium chromate)
in 200 pL of complete DMEM media for 1 h at 37 °C. Where required for antigen-
dependent CTL killing assay (Supplementary Fig. 3c), 1 uM SIINFEKL peptide
(GenScript, New Jersey, USA) was included in this incubation step. After 1h, the
cells were washed three times with complete DMEM and either incubated with OTI
T cells at the desired effector/target ratio for 4 h, or mixed with various amounts of
recombinant perforin and incubated for 1 h; these assays were conducted in 96-well
plates in either 200 uL (OTI T cell assays) or 100 pL reactions (recombinant per-
forin assays). The plates were then centrifuged, supernatant collected, and its
radioactivity assessed using a 1470 Wizard Automatic Gamma Counter (Wallac,
Turku, Finland). Percentage specific 5'Cr release was calculated as [(*!Crgsay —

1 Crpontancous)/(*' Criotal = > Cpontancous) X 100]; 3! Criorar was the level of radio-
activity in target cells lysed with 1% Triton X-100, and 51Crspontaneous was the level
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of radioactivity released by target cells incubated in the media in the absence of
CTL or recombinant perforin for 4 h or 1h, respectively.

Perforin binding assays accessed via flow cytometry. For the flow cytometry
assays of perforin binding (Figs. 1b, 2, 4d), cells were washed three times in DMEM
containing 0.1% BSA (Roche Diagnostics, Mannheim, Germany) and resuspended
at 10° cells/mL. EL-4 (not pulsed with the SIINFEKL antigen) and CTLs were then
mixed 1:1 to remain at a final concentration of 10° cells/mL. WT-GFP-PRF or
TMHI1-GFP-PRF was added to the mixture, and cells were incubated at 4 °C or 37 °
C for 30 min. Unbound perforin was removed by washing the cells in 0.1% BSA
DMEM, cells were stained with anti-CD8 APC (eBioscience, California, USA) and
analysed using a Fortessa X20 flow cytometer (BD Biosciences, New Jersey, USA).
To demonstrate Ca?*-specific perforin binding, cells were treated with 2 mM
EGTA prior to staining with anti-CD8 APC.

Surface staining for GM1 analysis. Cells were washed three times in complete
DMEM and resuspended at 10° cells/mL. EL-4 (not pulsed with the SIINFEKL
antigen) and CTLs were then mixed 1:1 to remain at a final concentration of 10°
cells/mL. Cells were stained with anti-CD8 PE antibody (eBioscience, California,
USA) and CTxB-Alexa Fluor 647 (Molecular Probes, Oregon, USA) and analysed
using a Fortessa X20 flow cytometer (BD Biosciences, New Jersey, USA) (Sup-
plementary Fig. 7).

Unlocking of TMH1-GFP-PRF on cells. TMH1-GFP-PRF was added to 51Cr-
labelled EL4 cells resuspended in DMEM supplemented with 0.1% BSA at 37 °C.
After 30 min, cells were washed with serum-free media, and 0.75 mM DTT was
added to unlock the protein. After 5min, DTT was quenched by addition of 0.1%
BSA, and cells were incubated for a further 2 h at 37 °C (Supplementary Fig. 1a).

Calcium flux assay. CTLs and EL4 cells were labelled separately with a ratiometric
(400 nm/475 nm) calcium fluorophore Indo-1AM (Invitrogen, California, USA)S:15
and treated with varying amounts of WT-GFP-PRF to determine amounts for
which both cell types stained with a similar level of GFP (Supplementary Fig. 1b).
Time-course flow cytometry was performed!® following WT-GFP-PRF addition
(Fig. 1c). Cells treated with 1 pg/mL ionomycin (Sigma-Aldrich, Missouri, USA)
were used as controls (Supplementary Fig. 1c).

Maodification of cellular cholesterol using 7KC. Cholesterol or 7KC (both Sigma
Aldrich, Missouri, USA) were dissolved in 100% ethanol at 15 mg/mL and mixed at
different ratios. Cholesterol/7KC mixtures (as well as 100% cholesterol designated
as 0% 7KC in Fig. 4, or 100% 7KC) were added drop-wise over a period of 30 min,
to a solution of 50 mg/mL methyl-83-cyclodextran (MBCD, Sigma Aldrich, Mis-
souri, USA) in PBS, which was heated to 80 °C, to achieve the final sterol stock
concentration of 1.5 mg/mL. Cells were washed three times in 0.1% BSA RPMI-
1640 (Gibco, Paisley, UK) before being resuspended at 0.5 x 106/mL. Up to 2.25 puL
of cholesterol/7KC stock solutions in MB8CD were then added to 1 mL of cells; the
cells were incubated at 37 °C for 30 min, then washed three times in 0.1% BSA
DMEM, resuspended at 106/mL and immediately used for either perforin binding
or lysis experiments, or laurdan microscopy (Fig. 4).

Assessment of membrane order via laurdan microscopy. Cells were incubated
in 0.1% BSA DMEM supplemented with 5 uM laurdan (Molecular Probes, Oregon,
USA) in DMSO for 1 h. Cells were then pelleted and resuspended in 250 pL serum-
free DMEM before being plated out in 8-well Nunc Lab-Tek II #1.5H glass-bottom
chamber wells (Thermo Fisher Scientific, Massachusetts, USA). After allowing the
cells to adhere for 20 min at 37 °C, 50 uL of 0.5% BSA solution was added to
maintain cell viability during imaging. Lambda stacks were recorded using a Zeiss
Elyra PS.1 microscope with a Tokai Hit stage/objective heater attached, and 5%
CO,/humidity maintained (Zeiss, Oberkochen, Germany). An optical zoom of 2
was applied to a Plan-Apochromat 63x/1.4 Oil DIC lens (Zeiss, Oberkochen,
Germany) and images were obtained every 8.9 nm from 410 nm to 695 nm using a
line average of 16. Recorded stacks were exported to the Spectral Imaging Toolbox
in Matlab>2, where the data were segmented to isolate the laurdan signal from the
plasma membranes of individual cells and the generalized polarization (GP) of the
plasma membrane calculated (Fig. 4a). Images of a reference solution (laurdan in
DMSO) were obtained with the same microscope settings as used for the imaging
of cells, and a reference value (GP,.¢) of 0.207 was used for laurdan?®. For details of
GP calculation using the Spectral Imaging Toolbox, see ref. 52,

Live cell imaging of annexin V-labelled cells. For Fig. 7c, Supplementary Fig. 9
and Supplementary Videos 1 and 2, a 1:1 mixture of EL4 and Cherry-tubulin
expressing OTI T cells was washed three times in 0.1% BSA DMEM, labelled with
5 uM Hoechst 33342 (Life Technologies, California, USA), washed three times and
then resuspended in a 1:50 stock dilution of annexin V-Alexa 647 in 0.1% BSA
DMEM. These cells were then plated into 8-well Nunc Lab-Tek II #1.5H glass-
bottom chamber wells (Thermo Fisher Scientific, Massachusetts, USA). WT-GFP-
PRF was added during imaging. Cells were imaged using a Zeiss Elyra PS.1
microscope with a Tokai Hit stage/objective heater attached, and 5% CO,/humidity

maintained (Zeiss, Oberkochen, Germany). Imaging was performed using a Plan-
Apochromat 63x/1.4 Oil DIC lens (Zeiss, Oberkochen, Germany) using an optical
zoom of 1 and a line average of 4.

For live-cell imaging of PS exposure at the immunological synapse (as detected
by annexin V labelling) (Fig. 7d, Supplementary Video 3), MC57 target cells were
trypsinized and washed. A total of 10 cells were then resuspended in 500 pL of 5
uM Cell Trace Violet solution (Invitrogen, California, United States) in PBS for 20
min at 37 °C; 10 mL of complete medium was then added to these cells to quench
any unbound dye. Cells were pelleted, resuspended in complete DMEM media,
counted and plated at 30,000 cells (10° cells/mL) per well of an 8-well ibidi-treat
imaging chamber (Ibidi, Martinsried, Germany), 1 day before imaging.
Approximately 4 h before imaging, cells were labelled with 1 uM SIINFEKL
(GenScript, New Jersey, USA) at 37 °C for 1h, before being washed three times in
complete DMEM, and allowed to rest. Cherry tubulin transduced OTI T cells from
Prfl~/~ mice were then resuspended in 300 pL of a 1:50 stock dilution of annexin
V-Alexa Fluor 488 (Invitrogen, California, USA) in complete DMEM before being
added to the microscopy chamber. All medium was removed from the MC57 cells,
such that both the MC57 and OTI T cells were imaged in the presence of a
1:50 stock dilution of annexin V-Alexa Fluor 488. Cells were imaged using a Zeiss
Elyra PS.1 microscope with a Tokai Hit stage/objective heater attached, and 5%
CO,/humidity maintained (Zeiss, Oberkochen, Germany). Imaging was performed
using using a C-Apochromat 63x/1.2W Korr UV-VIS-IR lens (Zeiss, Oberkochen,
Germany) using an optical zoom of 1 and a line average of 8.

Fixed cell samples for colocalization analysis. Hydrophobic barriers were drawn
on #1.5H coverslips (Menzel Glaser, Leicestershire, UK) using a mini-PAP PEN
(Life Technologies, California, USA) and the resulting wells coated with 0.1 mg/mL
poly-L-lysine (Sigma Aldrich, Missouri, USA) and dried for >2h. OTI T cells were
pre-labelled with annexin V-Alexa Fluor 568 (Invitrogen, California, USA) for 10
min at room temperature in 0.1% BSA DMEM. After washing three times in 0.1%
BSA DMEM, cells were then treated with WT-GFP-PRF for 30 min at 37 °C,
washed three times and added to the wells. The cells were allowed to adhere for 10
min at 37 °C, and the wells washed gently with Hanks Balanced Salt Solution
(HBSS, Sigma Aldrich, Missouri, USA) containing 2.5 mM CaCl, and 1 mM MgCl,
(both from Sigma-Aldrich, Missouri, USA) to remove any unbound cells. Cells
were fixed with 4% EM Grade paraformaldehyde (Electron Microscopy Sciences,
Pennsylvania, USA) (in HBSS, with 2.5 mM CaCl,) for 30 min at room tempera-
ture and washed with 0.1 M lysine (Sigma-Aldrich, Missouri, USA) in HBSS with
2.5mM CaCl,. After 30 min, lysine was removed, and samples washed four times
with HBSS with 2.5 mM CaCl,. HBSS containing 2.5 mM CaCl, and 2% BSA was
then added to the wells and incubated for 1 h at room temperature (with gentle
shaking) to block non-specific antibody binding. A 1:100 stock dilution of GFP-tag
polyclonal antibody-Alexa Fluor 488 (Invitrogen, California, USA) and 2 ug/mL
CTxB-Alexa Fluor 647 (Molecular Probes, Oregon, USA) in HBSS containing 2.5
mM CaCl, and 2% BSA was then added to wells and incubated overnight at 4 °C.
The cells were washed four times and incubated with 5 ug/mL Hoechst 34580 (Life
Technologies, California, USA) for 30 min at room temperature. Cells were sub-
sequently washed four times and allowed to dry before being mounted onto slides
using Vectashield mounting medium (H1000, Vector Laboratories, California,
USA) and sealed.

Fixed samples (Fig. 7a, b) were imaged using a Zeiss Elyra PS.1 microscope,
using sequential imaging in line-scan mode. A Plan-Apochromat 63x/1.4 Oil DIC
lens (Zeiss, Oberkochen, Germany) was used with zoom set to 2 and a pixel size of
70 nm. Frame size was set to 1024 x 1024 and samples were imaged using a line
average of 8 and a z-stack interval of 200 nm. Background fluorescence levels for
each channel were obtained using negative control images (primary antibody
omitted) of the same acquisition setting and used to set thresholds for
colocalization analysis. A channel alignment slide containing 200 nm multispec
beads (Zeiss, Oberkochen, Germany) was imaged and used as a reference to correct
for chromatic aberration. An Image] macro was written to segment individual cells
from a field of view and to create mask channels in Fiji/Image].

Colocalization analysis was performed on individual cells using Imaris 8.4.2
(Bitplane, Belfast, UK). The analysis was performed in the mask channels created
previously. The threshold of each channel was set as the maximum intensity value
of the negative control. The percentage of colocalization of a channel (Fig. 7b) was
calculated as the sum of colocalized intensity above the threshold divided by the
sum of total intensity above the threshold:

Z Icolocalized
above threshold x 100 (1>

total
above threshold

Colocalization =

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the corresponding
authors upon reasonable request. A reporting summary for this Article is available as

a Supplementary Information file. The source data underlying Figs. 1, 2c, 3a, 4, 5b, 6b, ¢, 7b,
and Supplementary Figs. 1, 3b, ¢, 7, and 8b are provided as a Source Data file.
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Lipid order and charge protect Killer T cells from accidental death
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Supplementary Figure 1. Control experiments validating TMH1-GFP-PRF mutant and Ca

flux measurements.

a, Functionality of TMHI1-GFP-PRF as assessed by >!'Cr release assay. Recombinant TMH1-GFP-

PRF is not cytotoxic to EL4 cells over a wide range of perforin concentrations (-DTT). However,



when 0.75 mM DTT is added to this cell-bound perforin, the engineered disulphide-bond in TMHI1-
GFP-PREF is unlocked. As a consequence, the functionality of TMH1-GFP-PRF is restored, as here
demonstrated by its cytotoxicity to the EL4 cells (°!Cr release increasing with TMH1-GFP-PRF
concentration, +DTT). Each data point represents a mean (+ standard deviation, SD) of 3 independent
experiments; curves represent Michaelis-Menten fits to the data. For an extensive validation of the

behaviour and functionality (+DTT) of the TMH1-PRF mutant see '.

b, WT-GFP-PRF was dosed such that similar amounts bound to the EL4 cells and CTLs. To this end,
firstly a sub-lytic amount of WT-GFP-PRF was determined for the EL4 cells (on the day of each
experiment), and then increasing amounts of WT-GFP-PRF were added to the CTLs until a similar
MFI was achieved, and experiments were then conducted with these optimized conditions. Each data
point represents a mean (+ SD) of 3 independent experiments. An unpaired t-test performed on EL4
+ WT-GFP-PRF and CTL +WT-GFP-PRF shows P<0.05 for ¢ = 30 s, but no significant difference for

all other time points.

¢, Indo-1 AM violet/blue fluorescence ratio (400 nm/475 nm) increases in both cell types when Ca**
influx is induced by the Ca?" ionophore ionomycin, demonstrating that both types of cells show a
similar response to Indo-1 AM labelling. Each data point represents a mean (+ SD) of 3 independent

experiments.

Source data for all panels are provided as a Source Data file.
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Supplementary Figure 2. Gating Strategies used for flow cytometry analysis.

a, Gating strategy used to analyse cells of the same size within a mixture of CD8+ T cells and EL4

target cells for either perforin vs CD8 (Figs. 1b, 2a,b,c) or GM1 vs CD8 (Supplementary Fig. 8).



b, Gating strategy used to analyse EL4 or CD8+ T cells of the same size for perforin binding over
time (Supplementary Fig. 1b) and Indo-1 AM fluorescence (Violet/Blue) over time (Fig. lc,
Supplementary Fig. 1c).

¢, Gating strategy used to analyse equal GFP expression of EL4 and CD8+ T cells transduced with
either empty MSCV-GFP (dashed line) or truncated LAMP-1-MSCV-GFP (solid line)
(Supplementary Fig. 3), and surface LAMP-1 expression (as detected by anti-LAMP1-PE antibodies)
of EL4 or CD8+ T cells transduced with truncated LAMP-1.

d, Gating strategy used to analyse cell death (propidium iodide positivity) of EL4 or CD8+T cells
treated with 7KC (Fig. 4b) or with 7KC and perforin (Fig. 4e).

e, Gating strategy used to analyse the mean GFP fluorescence of CD8+ T cells treated with 7KC and
then incubated with TMH-GFP perforin (Fig. 4d).
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Supplementary Figure 3. High surface levels of CD107a (LAMP-1) do not protect cells

from recombinant perforin lysis or Killing by CTLs.

a, Surface staining for CD107a of EL4 and Prf] " OTI (CTLs). EL4 cells (left) transduced with a
truncated form of CD107a 2 (shown by solid line) have a 37-fold higher surface expression of CD107a
than EL4 cells transduced with an empty vector (shown by dashed line), as detected by surface
staining with anti-CD107a-Phycoerythrin antibody. CTLs (right) transduced with the same truncated
form of CD107a (shown by solid line) have a 135-fold higher surface expression of CD107a than
CTL cells transduced with an empty vector (shown by dashed line). Both histograms are
representative examples of surface staining performed on the day of every experiment, the number of
events has been standardized to the mode to allow clear comparison of both histograms and geometric
mean fluorescence intensity (MFI) values from which fold difference values were calculated are

shown next to each peak.



b, >!Cr release of EL4 (left) and CTL (right) cells upon exposure to recombinant WT-PRF. There is
no significant difference in perforin sensitivity between cells transduced with an empty vector and

with truncated CD107a.

¢, °!Cr release of SIINFEKL labelled EL4 (left) and CTL (right) target cells incubated with activated
WT OTI CTLs, as a function of the ratio of effector to target cells (E:T ratio). Again, there is no
significant difference in sensitivity to killing between target cells transduced with an empty vector or

with truncated CD107a, for both EL4 and CTL target cells.

For b, and ¢, each data point represents a mean (+ standard error of mean) of 3 independent
experiments; curves represent Michaelis-Menten fits to the data. Source data for these two panels are

provided as a Source Data file.
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Supplementary Figure 4. Phases and phase coexistence in ternary DOPC/SM/cholesterol lipid

systems.

a, Map of DOPC/16:0 SM/cholesterol mixtures, and the lipid phases in giant unilamellar vesicles
(adapted from Veatch and Keller 2005 3, with information from Marsh 2013 #). Mixtures in the bottom
left corner (DOPC-rich) are in the Lq state. Membrane order increases by addition of cholesterol (Lo
in the top regions) or 16:0 SM (S, in the right corner). Phase separation is observed in mixtures

located in the lower right side of the triangular map.

b, Map of DOPC/egg SM/cholesterol mixtures as used for our experiments. Mixtures that show phase
separation — detected via the appearance of domains with distinct membrane thicknesses — in our
experiments are marked with a blue “x”, and the remaining, single-phase compositions with a red
“x”. The phase separated mixtures are encircled by a dashed line and further highlighted with a grey
background. The areas that show phase separation are similar in the overview based on literature

values (a) and in our own experiments in (b) .

Minor difference may arise because, in contrast to the 16:0 SM used in a, the egg SM used in b is a
mixture of different SM species (though mostly 16:0 SM as per supplier specifications) that inherently
shows phase separation. Also note that we tested mixtures containing up to 53% cholesterol. Above
ca. 66% in PC/cholesterol mixtures, cholesterol is known to crystallize. The data in both maps was

recorded at 37 °C.
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Supplementary Figure 5. Prepore-locked TMH1-PRF binds to disordered domains on

phase separated lipid membranes.

a, AFM images of an approximately equimolar DOPC/egg SM/cholesterol supported lipid bilayer,

showing phase separation between liquid disordered (L) and liquid ordered (L ) domains, with the
L, phase appearing higher (thicker) than the L phase in the “lipid only” image. The phase boundaries
are highlighted by dashed white lines. Prepore-locked perforin (TMH1-PRF -DTT) appears as diffuse

plateaus due to its mobile nature !, exclusively bound to the L, domains. Upon exposure to DTT,
these mobile prepores transform into static pores (TMHI1-PRF +DTT).

b, Higher-magnification images of the areas indicated by the dashed blue rectangles in a. The L
domain shows a dense coverage of arc- and ring-shaped pores, whereas the L domains remains
empty.

¢, Height profiles as recorded along the blue, dashed lines in the AFM images in a and b. The phase
separation on the empty membrane (i) is visible as a 0.5-1 nm height difference, and the phase
boundaries are indicated by vertical arrows. Addition of TMH1-PRF (-DTT/+DTT, ii-iv) leads to the
formation of ca. 11 nm high features, corresponding to the height of perforin prepores and pores !>,
Grey, dashed lines indicate the height of the membrane (0 nm) and of a perforin monomer (11 nm ).
the applied forces in the AFM experiments. The sample was incubated and imaged at 37 °C. Colour

(height) scale as in Fig. 3b.
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Supplementary Figure 6. Effect of 7KC on membrane order, as assessed by AFM.

a, AFM images of DOPC/egg SM/sterol 20:50:30 supported lipid bilayers, as a function of sterol
content (7KC, cholesterol). The images show membranes before and after exposure to 150 nM WT-
PRF. Note that in the top row, the colour scale was enhanced to better show phase separation, while
the middle and bottom rows use the same colour scale as Fig. 3b-d. For 0% 7KC / 30% cholesterol,

these lipids phase-separate into L, and L domains (respective dark and bright areas in the “lipid

only” image, see also Fig. 3a,b and Supplementary Fig. 4). Exposure to WT-PRF leads to pore
formation exclusively in L, domains, consistent with Fig. 3 and Supplementary Fig. 4. For 15%
7KC / 15% cholesterol, no phase separation is observed at micrometre length scales, and
perforin pores are formed more uniformly over the sample surface. At nanometre length scales
(bottom row), some phase separation persists, here visible by the clustering of perforin pores

presumably bound to nanometre-scale L, domains). For 30% 7KC / 0% cholesterol, perforin
d

binds uniformly over the whole sample surface without noticeable pore clustering in domains.

b, Chemical structures and molecular weights for cholesterol and 7KC, with the additional ketone

group highlighted. All samples were incubated and imaged at 37 °C.
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Supplementary Figure 7. GM1 surface staining of CTL and EL4 cells by cholera toxin
subunit B (CTxB) Alexa 647.

GM1 surface staining by recombinant cholera toxin subunit B Alexa 647. GM1 intensity (represented
by CTxB) has been plotted against CD8" positivity to identify CD8" T cells in a 1:1 mixture of EL4
and OTI T cells (cells are gated for same size as detailed for perforin binding experiments in
manuscript). Average MFI (£ SD) of CTxB-Alexa 647 from 3 independent experiments is included

for both CD8 positive and negative cells and provided as a Source Data file.
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Supplementary Figure 8. Perforin forms non-porating clusters on the negatively

charged membranes.

Perforin pore formation on DOPC model membranes doped with the negatively charged membrane
components DOPS, DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-racglycerol)), and CS
(cholesterol sulfate), as assessed by AFM.

a, Representative images of the sample surfaces of samples containing 0%, 30%, 60% and 100% of
either DOPS, DOPG, or CS in DOPC host membranes (for 100% CS, no supported lipid bilayers
could be formed). Colour (height) scale as in Fig. 3b.

b, Quantification of pore formation (mean + SD) in the samples shown in a, relative to the 0% dopant/

100% DOPC reference. The data on DOPS was reproduced from Fig. 5b, for comparison. Source

data are provided as a Source Data file.
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Supplementary Figure 9. Unlike target cells, CTL maintain healthy morphological appearance
and mobility one hour after addition of WT-GFP-PRF.

CTLs (red) with clear WT-GFP-PREF signal (green) localized to punctate regions of non-apoptotic PS
(white) 1 hour after addition of perforin. Dead target cells and their debris are stained bright green
and white (highlighted by white daggers), because of, respectively, their overall WT-GFP-PRF
binding and staining for apoptotic PS. Note that on polarized CTLs, non-apoptotic PS is always
located within the uropod (white asterisks). Staining is as in Fig. 7c; the data shown here represent a

snapshot from Supplementary Video 2.
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