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Abstract

Mitochondrial regulation of CD8" T cell cytotoxicity

Miriam Lisci

Recent discoveries in the field of immunometabolism have emphasised the importance of
mitochondria in the context of T cell development, differentiation, signalling and exhaustion.
However, the question of whether mitochondria can actively participate to the killing activity of
differentiated, cytotoxic CD8" T cells (CTLs) remains unanswered. In this work I analyse CTLs
derived from USP30-deficient mice, which have been previously characterised as part of the
Infection, Immunity and Immunophenotype Consortium and shown to display altered CTL killing.
USP30 is a deubiquitinase localised on the outer mitochondrial membrane and on the peroxisomal
membrane, where it counteracts mitophagy and pexophagy by cleaving ubiquitin chains from target
proteins. Here I characterise T cell motility, signalling, energy requirements and cytotoxicity in CD8"
T cells derived from splenocytes of Usp30” mice. Furthermore, I test different mitochondrial
functions using both genetic and pharmacological manipulation of oxidative phosphorylation,
mitochondrial calcium flux and mitochondrial translation. I highlight mitochondrial translation as a
previously uncharacterised mitochondrial function that allows for optimal CTL cytotoxicity.
Specifically, I show that both Usp30~- CTLs and CTLs in which mitochondrial translation is inhibited
display impaired cytosolic protein synthesis, which results in lower abundance of cytolytic molecules
essential for killing. This requirement was especially evident when CTLs were limiting in numbers
or when they needed to sustain killing for prolonged time, underscoring the importance of efficient
mitochondrial translation during an immune challenge. Finally, I investigate mechanisms that could
link mitochondrial translation to a loss of cytosolic protein synthesis, including mTOR signalling,
mitochondrial reactive oxygen species generation and the integrated stress response. Overall, this
work uncovers a novel role for mitochondrial translation in CTL cytotoxicity and adds to the growing

body of evidence revealing the multifaceted and crucial roles of mitochondria in T cell function.
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CHAPTER 1

Introduction






1.1  Overview of CD8" cytotoxic T lymphocytes (CTLs)

Cytotoxic T lymphocytes (CTLs) are specialised white blood cells mediating adaptive
immunity by killing tumours and virally infected cells (Dieckmann et al., 2016; Golstein and
Griffiths, 2018). CTLs are referred to as “serial killers” due to the ability of each single CTL to trigger
apoptosis in several targets in a sequential manner. CTL cytotoxicity is being exploited as a strategy
for immunotherapy (Madden and Rathmell, 2021), and seminal work in this field was highlighted by
the 2018 Nobel Prize in Medicine (Freeman et al., 2000; Leach et al., 1996). The exact molecular
mechanisms that regulate CTL killing are a topic of intense investigation as they offer insights into

the mechanisms regulating both adaptive immunity and basic cell biology processes.

1.1.1 CDS8" T cell priming: the journey from naive to Killers, and from Killers to patrols

Early studies in mixed cell cultures showed that lymphoid cells were able to recognise non-
self targets and trigger cell lysis, characterised by aggregation of multiple lymphoid cells around
vacuolated targets (Vainio et al., 1964). These thymus-derived cells (“T” lymphocytes) are part of
the CD8" lineage, which commits to develop into cytotoxic cells, able to spearhead the immune
system defence against virally infected cells and cancers (Zhang and Bevan, 2011). Another major T
cell lineage includes various subsets of CD4" T cells, which modulate the immune response by both
promoting and preventing (the latter via regulatory T cells) activation of the innate and adaptive

branches of the immune system (Luckheeram et al., 2012).

T cells mature in the thymus, following a process that involves both negative and positive selection
stages. Autoreactive T cells (which would attack the host organism) and T cells that have failed to
produce a functional T cell receptor (TCR) (essential for T cell stimulation) are both eliminated from
the developing T cell pool (Klein et al., 2014). It is estimated that about 95% of T cells are lost during
the selection process in the thymus, while the remaining 5% preferentially migrate to lymph nodes,
the spleen and in the lymphoid regions in the small intestine known as Peyer’s patches (Scollay et al.,
1980). Lymphocyte retention or egress in lymphoid tissues is determined by chemokine gradients
(Schulz et al., 2016) and by the expression of surface receptors that regulate adhesion and arrest in a
specific tissue, also known as homing (Fu et al., 2016). Additional selection against autoreactive T

cells can occur in lymphoid organs, resulting in further selection (Kurts et al., 1998).

Each T cell displays a virtually unique TCR, which increases the likelihood of recognition of

molecular patterns pertaining to cancerous or virally infected cells (Murphy and Weaver, 2017). This
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recognition is referred to as T cell activation. Prior to target recognition, T cells are defined as naive
and have no intrinsic capability to kill upon TCR triggering. Naive T cells are characterised by a
quiescent state, which is actively maintained by high transcription factor turnover and mRNA
repression (Wolf et al., 2020). Naive T cell priming occurs upon stimulation by professional antigen
presenting cells (APCs), such as dendritic cells (Joffre et al., 2012). APCs process peptides from
cancerous and virally infected cells and load them onto a class I major histocompatibility complex
(MHC-I), which is exposed on the APC surface. T cell activation occurs when a naive T cell
encounters an APCs displaying a peptide recognized by the T cell receptor (Townsend et al., 1986).
Once this interaction occurs, the naive CD8" T cell is activated to become a full effector, cytolytic T
cell, which initiates rapid clonal expansion (Sprent, 1976). Further interaction between the activated
T cell and the antigen-presenting target cell is again mediated by the TCR and the MHC-I, and results
in apoptosis of the target.

It is important to note that TCR stimulation is insufficient for naive T cell commitment to growth and
differentiation. T cells stimulated uniquely through the T cell receptor enter an unresponsive and non-
proliferative state (anergy) (Jenkins and Schwartz, 1987; Lamb et al., 1983). Engagement of co-
stimulatory surface proteins such as CD28 is required for proper naive CD8" T and CD4" cells
maturation by inducing the secretion of interleukin 2 (IL-2) (Harding and Allison, 1993; Harding et
al., 1992). Co-stimulatory molecules on the T cell surface (CD8, CD28) participate in the activation
process by prolonging TCR-MHC 1 interaction and promoting downstream signalling and
proliferation (June et al., 1987; Kane et al., 1989). This phenomenon is referred to as the two-signal
model, which suggests that naive T cells need stimulation both by a MHC-I-bound antigen and by
the APC itself, engaging surface molecules on the APC (McAdam et al., 1998). By contributing to
signal transduction upon antigen recognition, CD28 co-stimulation modulates a vast array of

pathways involving transcriptional, metabolic and cytoskeletal regulation (Esensten et al., 2016).

Naive T cell activation results in differential expression of surface cell receptors involved in T cell
signalling and migration to malignant tissues. Several of these receptors are used as markers to
discriminate naive and differentiated T cells. T cell activation upregulates CD44, a transmembrane
protein that can influence intracellular signal transduction (Ponta et al., 2003). In addition, CD44
expression aids cell adhesion by binding to hyaluronic acid, a polysaccharide located on the
extracellular matrix (Gallatin et al., 1983). By contrast, CD62L is a membrane protein regulating T
cell homing (Lasky et al., 1989; Siegelman et al., 1989), and it is rapidly downregulated in activated
T cells (Jung et al., 1988) as CD62L shedding promotes migration out of the lymph nodes and into



the bloodstream (Galkina et al., 2003). Therefore, increased CD44 expression is linked to T cell

activation, while high CD62L expression is used as a marker of T cell quiescence.

The effector T cell population is short-lived, and as such it undergoes a contraction phase which leads
to the survival of only a small fraction of antigen-specific T cells (Sprent, 1976). The surviving cells
are referred to as memory T cells, which can be maintained for years after antigen encounter. Memory
T cells can be distinguished from their naive and effector counterparts on the basis of changes in gene
expression and metabolism (Kaech et al., 2002; Pearce, 2010). In addition, memory T cells display a
lower activation threshold than naive T cells, allowing them to quickly respond to a previously
encountered antigen and facilitate its clearance (de Jong et al., 1991; Sallusto et al., 1999). This
characteristic is broadly referred to as immunological memory and underlies the rationale for vaccine

development.

Memory T cells can be divided into further subsets: central memory, effector memory and tissue-
resident memory T cells, which vary in their homing, effector and proliferative capacities (Sallusto
et al., 2004). Central memory T cells circulate in secondary lymphoid organs (such as the lymph
nodes and the spleen), while effector memory T cells migrate between blood and non-lymphoid
peripheral tissues (Sallusto et al., 2004). By contrast, tissue-resident memory T cells stably reside in
non-lymphoid peripheral tissues (Schenkel and Masopust, 2014). Effector memory T cells have a
higher cytolytic capability than central memory T cells, thus providing a more immediate response to
antigen encounter (Sallusto et al., 1999). Rapid response is also mediated by tissue-resident memory
T cells, which are ideally located to respond to first signs of infection in peripheral tissues (Schenkel
and Masopust, 2014). How specific T cells are selected to become memory T cells is still a subject
of investigation, and it is thought to involve modulation of gene expression via transcriptional and
epigenetic regulation (Gray et al., 2014). Interestingly, transcriptome analysis indicated that effector
and central memory T cells are more similar to each other than to tissue-resident memory T cells,

which are characterised by a distinct transcriptional signature (Mackay et al., 2013).

1.1.2 Signalling pathways triggered by TCR engagement in effector T cells

Target cell recognition and killing rely on the initiation of a complex signalling cascade which
includes the activation of mitogenic pathways (Cantrell, 2015), calcium flux and calcium-dependent
signalling (Schwarz et al., 2013) and cytoskeletal rearrangements (Douanne and Griffiths, 2021). This
culminates in the formation of the immunological synapse (IS), a highly organised interface between

the CTL and the target cell (Paul and Seder, 1994). Of note, while naive CD8" T cell stimulation
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requires signalling from both the TCR and co-stimulatory molecules such as CD28, TCR-mediated
signal transduction is sufficient to mediate the killing response in mature, effector T cells (Harding

and Allison, 1993).

Initial studies of TCR structure identified commonalities in the cytoplasmic tail of the T and B cell
receptors, thought to be essential to couple antigen recognition to intracellular transduction of
signalling (Reth, 1989). These intracellular regions, known as immunoreceptor tyrosine-based
activation motifs (ITAMs) form a scaffold mediating the assembly of kinases responding to the early
phase of TCR activation. Proximal TCR signalling is mediated by the Src-family kinases ZAP70,
LCK and FYN, which trigger ITAM phosphorylation (Cantrell, 2015). A major node of TCR
signalling relies on phosphorylation of the integral protein LAT by ZAP70, which results in the
formation of a complex (LAT signalosome) mediating the branching of the TCR cascade (Zhang et
al., 1998).

Phosphorylated LAT activates PLCy (Finco et al., 1998), which catalyses the conversion of
phosphatidylinositol biphosphate (PIP2) into diacylglycerol (DAG) and inositol triphosphate (IP3)
(Treves et al., 1987). DAG affects transcription through the mitogen activated protein kinase (MAPK)
signalling cascade (Ebinu et al., 2000), IP3 is released in the cytosol and causes the opening of
intracellular calcium stores by binding to the IP3 receptors on the endoplasmic reticulum (ER)
(Imboden and Stobo, 1985). Depletion of ER calcium stores induces in the opening of calcium-release
activated channels (CRAC) on the plasma membrane (Zweifach and Lewis, 1993) causing a surge in
intracellular calcium. High Ca*" concentration results in the Ca®*/calmodulin-dependent activation of
calcineurin (Kincaid et al., 1987), whose phosphatase activity allows for translocation of the nuclear
factor of activated T cells (NFAT) into the nucleus (Jain et al., 1993). NFAT controls the expression
of several key proteins, including the cytokine IL-2, required for T cell proliferation (Shaw et al.,

1988).

Notably, both DAG generation and assembly of the LAT signalosome can control transcription by
regulating the localisation and phosphorylation of the guanine exchange factor (GEF) for Ras proteins
(Dower et al., 2000). Ras-mediated signalling activates the MAPK proteins ERK1 and ERK2, which
regulate both thymic T cell development and mature T cell function by modulating gene transcription,
cytokine synthesis and expression of surface receptors involved in T cell homing (Cantrell, 2015).
Thus, ERK activation induces further branching of the TCR signalling cascade, modulating both

intracellular and extracellular T cell functions.

Both TCR- and CD28-dependent signalling induce recruitment of phosphatidylinositol 3-kinase
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(PI3K) (Ueda et al., 1995). PI3K activation results in AKT phosphorylation (Franke et al., 1995).
AKT phosphorylation triggers a signalling cascade promoting the expression of cytokines and
chemokine receptors (Cantrell, 2015). Moreover, AKT phosphorylation induces activation of the
mechanistic target of rapamycin (mTOR), thus sustaining the metabolic needs of activated cells by
boosting nutrient uptake, mitochondrial biogenesis and protein synthesis (Saxton and Sabatini, 2017).
The CD28-PI3K-AKT axis stimulates glycolysis, a hallmark metabolic shift in activated effector
CTLs (Pearce, 2010).

TCR activation can also promote cytoskeletal reorganisation. The assembly of the LAT signalosome
induces SLP76-mediated recruitment of the the Wiskott-Aldrich syndrome protein (WASp) which
allows for its activation by the Rho GTPase protein CDC42 (Zeng et al., 2003). Activated WASp
interacts with the actin-related protein 2/3 complex (ARP2/3), enhancing actin polymerization and
cytoskeletal reorganisation in activated T cells (Machesky and Insall, 1998). Mutations in this
pathway are detrimental not only for migration capacity, but they also extend to metabolism by
impairing surface receptor recycling, including the glucose transporter GLUT1 (Randzavola et al.,

2019).

1.1.3 Morphological alterations triggered by TCR engagement

Activated T cells migrate to peripheral tissues and scan the membrane of neighbouring cells
until they find a cognate antigen. During migration a distinct morphology can be observed,
characterised by a leading edge, rich in filamentous actin (F-actin) and a trailing edge, rich in filopodia
(Dupre et al., 2015). The actin dynamics mediating migration are governed by a complex interplay
of signals, ranging from external stimuli (e.g. chemokines), adhesion receptors, and intracellular
signalling events triggered by the engagement of the TCR (Dupre et al., 2015). During migration the
nucleus is often found in the cell leading edge, while most other organelles are localised in either the
cell midbody or in the uropod. Target recognition induces organelle polarisation towards the IS

(Martin-Cofreces et al., 2014).

Target cell recognition is initiated by F-actin protrusions and leads to the polarisation of the entire T
cell body alongside the formation of IS (Ritter et al., 2015). The IS is a highly organized structure
that can be segregated into three regions: the central, peripheral and distal supramolecular activation
clusters (referred to as cSMAC, pSMAC, dSMAC respectively) (Freiberg et al., 2002; Monks et al.,

1998). These clusters are characterised by the recruitment of different proteins that allow for sustained



interaction between the T cell and the target: T cells receptors interacting with MCH-I cluster in the
cSMAC (Monks et al., 1998), integrins mediating cell adhesion between the T cell and the target are
found in the pPSMAC (Monks et al., 1998) and filamentous actin, localised in the SSMAC (Sims et
al., 2007). The delivery of cytotoxic proteins triggering target cell apoptosis occurs in a specialised

region known as the secretory domain (Stinchcombe et al., 2001b).

TCR engagement and IS formation are accompanied by microtubule-dependent organelle polarisation
(Kupfer and Dennert, 1984) as directed by the centrosome, whose docking at the cSMAC is needed
for optimal target killing to occur (Tsun et al., 2011). Simultaneously, changes in the cell membrane
allow for lipid specialisation (Gawden-Bone et al., 2018) and actin depletion clearance (Ritter et al.,
2015). Centrosome docking and alterations in membrane composition ultimately enable the fusion of
specialised lysosomes (lytic granules) at the secretory domain within the IS (Stinchcombe et al.,
2001b; Stinchcombe et al., 2006; Stinchcombe et al., 2015). This process is referred to as
degranulation, and it depends on increases in intracellular calcium concentration induced by TCR

stimulation (Lancki et al., 1987; Takayama and Sitkovsky, 1987).

1.14 Trafficking and maturation of lytic granules

Lytic granules are found in T cells and natural killer (NK) cells, and they are marked by the
late-endosome/lysosomal proteins LAMP1, LAMP2 and CD63 and characterised by an acidic pH
(Peters et al., 1991). These specialized organelles contain hydrolases mediating degradation, which
exert their function at low pH, and other components that participate in the cytotoxic response, which

are active at neutral pH (Burkhardt et al., 1990).

Positive and negative regulators of granule maturation, trafficking and fusion are all thought to
determine the cytotoxic capacity of CTLs, finely balancing the number of granules that will fuse with
the plasma membrane during each killing event. Lytic granule maturation involves trafficking via
mannose-6-phosphate receptors (M6PR) (Griffiths and Isaaz, 1993) and the adaptor-related protein
complex AP3 (Rous et al., 2002) together with fusion events via the lysosomal trafficking regulator
LYST (Stinchcombe et al., 2000). Defects in protein sorting and maturation of the lytic granules are
associated with the development of immunodeficiency, such as Hermansky-Pudlack syndrome,
Chediak-Higashi syndrome and familial haemophagocytic lymphohistiocytosis (FHL) (de Saint
Basile et al., 2010).



Lytic granules are anchored to microtubules, and impairing microtubule formation by nocodazole
treatment is sufficient to reduce granule polarisation at the IS (Tamzalit et al., 2020). The docking of
lytic granules at the plasma membrane is mediated by the Ras-related protein RAB27A, which tethers
granules to the the plasma membrane by interacting with synaptotagmin-like proteins 1 and 2 (SLP1
and SLP2) (Holt et al., 2008). Lack of RAB27A results in a type of immunodeficiency known as
Griscelli syndrome type 2, characterised by defective exocytosis (Menasche et al., 2000).
Downstream of docking, the lysosomal membrane MUNC proteins interact with vesicle and plasma
membrane-tethered SNAREs (v-SNAREs and t-SNAREs), which mediate the fusion process.
Mutations in MUNC13-4 (Feldmann et al., 2003) and MUNCI18-2 (zur Stadt et al., 2009) are both
known to cause FHL, as well as mutations in the MUNC18-2 t-SNARE partner syntaxin-11 (zur Stadt
et al., 2005). AP3 deficiency also results in defective lytic granule polarisation, suggesting that it

regulates sorting of proteins involved in lytic granule motility (Clark et al., 2003).

Lytic granule fusion allows for the release of cytolytic proteins, which trigger target cell death by
activation of caspase signalling (Adrain et al., 2005) (Figure 1.1). Secretion of the lytic granule
content occurs within a small cleft formed between the CTL and the target cell, preventing damage
to neighbouring cells (Stinchcombe et al., 2001b). Interestingly, only the target cell is affected by the
activity of these proteins, while the T cell is immune to their action. This immunity is thought to be
aided by different cell membrane composition, but the subject is still under intense investigation
(Krawczyk et al., 2020; Rudd-Schmidt et al., 2019). Actin recovery terminates secretion (Ritter et al.,
2017), allowing the CTL to detach from the dying target.

1.1.5 Granzymes and Perforin-dependent cytotoxic pathways

The main components of lytic granules are serine esterase known as granzymes (Masson et
al., 1986). Granzyme B is one of the most highly synthesised proteins in CTLs, and it the most
abundant effector molecule, followed by granzyme A, C and perforin (Howden et al., 2019;

Hukelmann et al., 2016).

Granzyme B is produced as a preproenzyme that undergoes two rounds of proteolytic cleavage before
maturing into an active enzyme: the first event occurs in the ER, where the signalling peptide is
removed, and the second happens within the lytic granules, with the cleavage of an amino-terminal
dipeptide (Caputo et al., 1993). Inactive granzyme B is trafficked to the granules by a M6PR-mediated
pathway (Griffiths and Isaaz, 1993). Within the granules, granzyme B is cleaved by cathepsin C

(Pham and Ley, 1999) and by cathepsin H (D'Angelo et al., 2010). Upon secretion of the lytic
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granules, granzyme B enters the target cell and cleaves caspase-3 (Quan et al., 1996), generating a

signalling cascade that results in apoptosis (Adrain et al., 2005) (Figure 1.1).

The pore-forming protein perforin is also stored within lytic granules and it is crucial to their
cytotoxicity (Blumenthal et al., 1984). Perforin is synthesised as an inactive precursor that undergoes
proteolytic cleavage removing a short C-terminal peptide including asparagine-linked glycans
(Uellner et al., 1997). Although the trafficking and proteolytic cleavage of perforin have not been
elucidated as extensively as with granzyme B, studies have suggested that perforin can be cleaved by
cathepsin L in vitro (Konjar et al., 2010) and that the acidic environment within granules promotes
perforin stability (Kataoka et al., 1994). C-terminal cleavage exposes a C2 phospholipid-binding
domain, which allows calcium-dependent insertion of perforin into the target membrane (Uellner et
al., 1997). Upon membrane insertion, perforin is able to oligomerize and create pores (Podack and
Konigsberg, 1984) which allows for granzyme-mediated cytotoxicity to occur (Shiver and Henkart,
1991) (Figure 1.1). Recent work suggest that the mechanical force exerted by CTLs during synapse
formation might enhance perforin activity by increasing the membrane tension of the target,

facilitating the insertion of perforin oligomers (Basu et al., 2016).
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Figure 1.1. CTLs trigger apoptosis of target cells by secretion of cytolytic proteins.

Migrating CTLs recognise the target cell and tightly bind to it to selectively trigger cell death. The centrosome and
lytic granules polarise at the interface between the CTL and the target cell, where the content of lytic granules is
secreted. Perforin monomers oligomerise and form pores on the target cell membrane. Granzymes enter the target
cell through these pores, triggering caspase activation and caspase-dependent and independent DNA fragmentation

and cytochrome c release from mitochondria, leading to target cell lysis.

1.1.6 Additional pathways mediating cytotoxicity

Although perforin and granzyme B activity accounts for a large portion of the events leading
to CTL-mediated killing, additional pathways can result in target apoptosis. This discovery originated
from observing that while Ca**-depleted media prevented CTL degranulation, this only resulted in a
partial decrease in target cell death (Ostergaard et al., 1987; Trenn et al., 1987). In addition to lytic
granule polarisation, observations of organelle polarisation upon TCR engagement suggested that
Golgi reorientation at the IS could facilitate the exocytosis of secretory vesicles containing cytotoxic

substances (Kupfer and Dennert, 1984).

CTL can induce FAS-mediated death triggered by the FAS ligand (FASL). FAS is a surface receptor
involved in the induction of apoptosis (Trauth et al., 1989; Yonehara et al., 1989), which was found
to bind to a single protein identified in a CTL hybridoma line, named FASL (Suda and Nagata, 1994).
Upon FASL binding, FAS cytoplasmic region binds FADD (Fas-associating protein with death
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domain) (Chinnaiyan et al., 1995), which results in caspase activation and mitochondrial damage-
mediated apoptosis (Barry and Bleackley, 2002). FASL-mediated apoptosis is thought to be one of
the processes mediating effector CTL death after activation, which results in the contraction of the
effector T cell pool after the antigen has been cleared (Owen-Schaub et al., 1992). FAS-mediated
death also contributes to negative selection in the thymus, triggering apoptosis in immature

autoreactive T cells (Castro et al., 1996).

Perforin-deficient and FASL-deficient mice still exhibit T cell killing, indicating the existence of
additional mediators of cytotoxicity (Braun et al., 1996). Tumour necrosis factor alpha (TNFa) was
first identified as a serum component capable of inducing tumour necrosis (Carswell et al., 1975).
Newly synthesised TNFa has been shown to accumulate in the Golgi and to be re-routed to the plasma
membrane through the recycling endosome (Murray et al., 2005). Membrane-bound TNFa can be
cleaved by the TNF-a-converting enzyme (TACE) also known as ADAM17 (Black et al., 1997; Moss
et al., 1997) and by ADAMI10 (Rosendahl et al., 1997), generating a soluble factor. TNFa binds the
TNF-receptors 1 and 2 (TNFR1 and TNFR2) on the target cell membrane, both of which are required
to trigger apoptosis (Vandenabeele et al., 1995). As with FASL, TNFa can induce death of activated
T cells (Zheng et al., 1995).

TNFa-induced apoptosis can be potentiated by the presence of the cytokine interferon-gamma (IFNy)
(Fransen et al., 1986). IFNy has pleiotropic role in the immune system, upregulating MHC-I and
regulating signalling cascades involved in both antiviral and antitumour immunity (Castro et al.,
2018). An additional cytokine able to induce apoptosis in tumour cell lines is APO-2L, or TNF-related
apoptosis-inducing factor (TRAIL) (Pitti et al., 1996; Wiley et al., 1995). TRAIL can bind to several
receptors on the target cell membrane (Diaz Arguello and Haisma, 2021). Similarly to TNFa and
FASL, TRAIL can lead to apoptosis through caspase signalling (Mariani et al., 1997) and it is also

implicated in activation-induced death in lymphocytes (Martinez-Lorenzo et al., 1998)

1.1.7 Post-transcriptional regulation of CTL killing

Stimulation of T cells via the TCR and co-stimulatory receptors can upregulate cytokine
expression via a post-transcriptional mechanism linked to mRNA stability (Lindstein et al., 1989).
Despite evidence for transcriptional regulator of granzyme A (Philip et al., 2017), chromatin
accessibility for key cytolytic proteins such as TNFa and perforin is not altered during the transition

from naive to effector T cells (Philip et al., 2017). Instead, TCR engagement in CTLs promotes the
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temporally specific protein expression of several mediators of T cell cytotoxicity, such as TNFa and

IFNy (Lindstein et al., 1989; Salerno et al., 2017).

This phenomenon is thought to be aided by post-transcriptional regulation by RNA-binding proteins
(RBPs). These complexes were first described with the name of informosomes (Spirin, 1969). Since
then, RBPs have been suggested to both promote and decrease mRNA stability in lymphocytes,
depending on the type of RBP, mRNA species and cell type analysed (Salerno et al., 2020; Turner
and Diaz-Munoz, 2018). This additional layer of post-transcriptional regulation presents several
benefits. On one hand, it allows for rapid effector molecule synthesis without the need of de novo
transcription, which prevents delays from target cell encounter to the onset of killing. On the other,
RBP also allow for rapid downregulation of pro-inflammatory molecules, thus precluding
immunopathology related to excessive inflammation. This rapid fine-tuning of effector molecules has

been well-described in the context of cytokine regulation (Salerno et al., 2020).

Measurements of the correlation between the transcriptome and proteome of naive and activated
CD4" and CD8" T cells revealed that the T cell transcriptome is a poor predictor of protein expression
(Hukelmann et al., 2016; Tan et al., 2017a; Wolf et al., 2020). Thus, CTL activation relies more on
selective translation of pre-existing mRNA species rather than on a specialised transcriptional
programme occurring after TCR crosslinking, highlighting the significance of post-transcriptional

regulation in CTLs.

1.1.8 CDS8* T cells are serial killers

A crucial characteristic that allows for CTL efficient clearing of tumours and viral infection
is the ability to engage in subsequent killing events, described as serial killing. This phenomenon was
observed in co-cultures of effector CTLs and target cells seeded at variable effector to target ratios
(Berke et al., 1972). These studies showed that CTLs could achieve target cell lysis even when targets
were seeded in excess, and that lysis continued over time (>5h). This observation led to the conclusion

that “the lymphoid cell kills and continues to kill” (Berke et al., 1972).

Early microcinematography studies showed that a CTL can trigger cell death, detach itself from the
dying target and quickly induce apoptosis in a different, nearby cell (Sanderson, 1976). While CTLs
respond to TCR engagement by rapidly polarising lytic granules at the plasma membrane, only a few
granules are released during a single killing event (Ritter et al., 2015). Strong stimulation in media

containing abundant calcium results in only half of the total lytic granule pool being released after
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one hour of sustained stimulation (Pores-Fernando et al., 2005). Taken together, these findings
indicate that the cytotoxic ability of a single T cell greatly surpasses the threshold for apoptosis of a

single target, and that the same T cell can perform sustained killing over time.

Of note, chronically stimulated T cells can lose their ability to proliferate and kill. This phenotype is
referred to as T cell exhaustion, and it involves alterations in gene expression, signalling and
metabolism (Franco et al., 2020; Sen et al., 2016). Chronic stimulation leading to T cell exhaustion
has been described upon both viral infection and tumorigenesis. Exhaustion is correlated with the
expression of surface markers that inhibit T cell signalling, such as PD-1, CTLA-4, TIM-3, LAG-3
and TIGIT (Wherry and Kurachi, 2015). While intense investigation has focused on preventing or
reversing exhaustion, it is not clear if the epigenetics modifications in exhausted T cells can be fully

reversed (Abdel-Hakeem et al., 2021).
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1.2  Mitochondria: dynamic organelles shaping T cell function

The rise of the immunometabolism field has unravelled the multifaceted roles of mitochondria in
both the innate and adaptive immune system (O'Neill et al., 2016). Mitochondrial morphology,
position and function can potentiate an effective immune response, just as their dysfunction can result
in immunodeficiencies. These findings highlight the complex metabolic rewiring that occurs during
T cell differentiation, and bring the field closer to optimising immunotherapy strategies to better cater

for the metabolic microenvironment found within tumours (Madden and Rathmell, 2021).

1.2.1 Overview of mitochondrial function and architecture

Mitochondria display a highly organised structure characterised by an outer mitochondrial
membrane (OMM) and an inner mitochondrial membrane (IMM), separated by an intermembrane
space (Palade, 1952). The IMM encloses the innermost part of the organelle, known as the
mitochondrial matrix (Figure 1.2A). The IMM folds are referred to as cristae, and their architecture
is crucial for the assembly of the complexes mediating oxidative phosphorylation (OXPHOS)
(Cogliati et al., 2016). Complexes I-IV of the ETC generate a proton gradient across the IMM, which
is harnessed by the ATP synthase (complex V) to produce ATP (Mitchell and Moyle, 1965) (Figure
1.2B). This gradient creates a difference in proton concentration across the IMM referred to as

mitochondrial membrane potential.

Maintenance of the mitochondrial membrane potential is not only necessary for ATP generation, but
also for mitochondrial import (Gasser et al., 1982). It is in fact estimated that over 90% of the
mitochondrial proteome is encoded by nuclear genes, with only 13 subunits of the electron transport
chain (ETC), 2 rRNA and 22 tRNAs retained in the mitochondrial genome (D'Souza and Minczuk,
2018). Mitochondrial proteins encoded by nuclear genes are synthesised in the cytosol and later
imported into mitochondria. Mitochondrial import is determined by the presence of an N-terminal
targeting sequence, directing proteins to the translocase of outer membrane (TOM) complex (Schmidt
et al., 2010). Further protein import inside the organelle is mediated by the translocase of inner

membrane (TIM) complexes, allowing entrance into the mitochondrial matrix (Schmidt et al., 2010).

The transport of ions and metabolites into the mitochondria is also tightly regulated. The voltage-
dependent anion channel (VDAC) allows entrance via the OMM, and multiple dedicated channels act
as gates in the IMM (Chandel, 2015b). Metabolites crossing the IMM can participate in several
biosynthetic processes occurring in the mitochondrial matrix. These include pyruvate oxidation
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through the tricarboxylic (TCA) cycle, fatty acid catabolism through B-oxidation, iron metabolism
via heme biosynthesis and reactive oxygen species (ROS) scavenging (Chandel, 2015b). In addition,
the mitochondrial matrix hosts enzymes involved in one-carbon metabolism, required for amino acids
and nucleotide biosynthesis. Altogether, OXPHOS and the metabolic processes occurring in the

mitochondrial matrix are crucial to sustain cellular homeostasis and proliferation.

The mitochondrial matrix is the site for mitochondrial DNA (mtDNA) replication, transcription and
translation (Gustafsson et al., 2016). Of note, different mtDNA genotypes can co-exist within the
same cell or organism. This phenomenon is known as heteroplasmy and it is due to de novo mutations
occurring during mtDNA replication (Craven et al., 2017; Rossignol et al., 2003). mtDNA mutations
can be pathogenic and result in a vast array of clinical manifestations, depending on both the
pervasiveness of heteroplasmy and the affected tissue. The effect of pathogenic mutations is often
most evident in highly metabolic tissues, such as skeletal muscle and cardiac tissue (Rossignol et al.,

2003).

1.2.2 Mitochondrial dynamics via fission and fusion

Mitochondria display remarkable functional and morphological differences within the same cell
(Collins et al., 2002) and between different cell types (Palade, 1952). Furthermore, mitochondrial
morphology can adapt to fluctuations in cellular metabolism (Hackenbrock, 1966). These alterations
occur through processes of fission and fusion of the mitochondrial membrane, disruption of which
can result in human pathologies (Adebayo et al., 2021), emphasising the importance of plasticity of

the mitochondrial network in homeostasis.

The classical mitochondrial morphology presents as an interconnected network of elongated
mitochondria (Figure 1.2C). The proteins mitofusin 1 (MFN1) and mitofusin 2 (MFN2) are required
for OMM fusion (Santel et al., 2003; Santel and Fuller, 2001). MFN1 and MFN2 promote fusion by
oligomerisation on membranes of adjacent mitochondria (Koshiba et al., 2004). This process is
completed after IMM fusion by the protein optic atrophy 1 (OPA1) (Cipolat et al., 2004). In addition,
OPAI has fusion-independent roles, modulating cristac morphology and cytochrome c release,

thereby mediating mitochondrial architecture and apoptosis (Frezza et al., 2006).

Mitochondria can also exhibit a rounder and less interconnected shape, which is driven by fission
(Figure 1.2C). The main player in mitochondrial fission is the dynamin-related protein 1 (DRP1).

DRPI1 shuttles between the OMM and the cytosol, accumulating on mitochondria ahead of a division
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event (Smirnova et al., 2001). Actin filaments drive the initial membrane constriction via INF2-
mediated polymerisation, thought to enable DRP1 association with the mitochondrial membrane
(Korobova et al., 2013). Several proteins, including FIS1 and MFF, can act as receptors for DRP1 on
the OMM (Gandre-Babbe and van der Bliek, 2008; Yoon et al., 2003).

Mitochondrial fragmentation is a required step in mitosis (Christiansen, 1949). During metaphase,
waves of actin assembly and disassembly on mitochondria ensure an equal and random distribution
of mitochondria in dividing cells (Moore et al., 2021). This phenomenon is thought to occur to ensure

equal inheritance of mitochondria in daughter cells.
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Figure 1.2. Mitochondrial morphology and dynamics.

(A) Mitochondrial architecture. Mitochondrial outer membrane (OMM), inner membrane (IMM), intermembrane
space and matrix are labelled. (B) Mitochondrial electron transport chain (ETC). Complexes I, III and IV mediate
proton transport across the IMM. Complex V harnesses the proton gradient for ATP synthesis. (C) Mitochondrial
dynamics involve both mitochondrial fragmentation (fission) and mitochondrial elongation (fusion). Elongated

mitochondria create an interconnected network throughout the cell.
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1.2.3 Mitochondrial clearance by mitophagy

Mitochondrial fission is depicted as a process that facilitates the removal of damaged
mitochondria (mitophagy), while mitochondrial fusion is thought to be protective against mitophagy

(Figure 1.2C) (Twig et al., 2008).

Mitophagy investigation has focused on the role of the PTEN-induced putative kinase 1 (PINK1) and
the E3 ligase PARKIN in promoting mitochondrial degradation. Despite most cases of Parkinson’s
disease being sporadic (Poewe et al., 2017), familial cases of hereditary Parkinson’s have highlighted
the role of PARKIN (Kitada et al., 1998) and PINK1 (Valente et al., 2004) in this neurodegenerative
condition. The PTEN-induced putative kinase PINK1 bears a mitochondrial localisation motif
allowing for PINKI targeting to the mitochondria (Beilina et al., 2005; Silvestri et al., 2005).
Mitochondrial membrane potential drives the translocation of PINK1 (Lin and Kang, 2008) into the
mitochondrial matrix, where PINK1 can be cleaved by presenilin-associated rhomboid-like protease
(PARL) (Jin et al., 2010), the mitochondria processing peptidase MPP (Greene et al., 2012) and
additional proteases. Cleaved forms of PINKI1 are exported back to the cytosol, where they are
degraded by the proteasome (Yamano and Youle, 2013). Disruption of mitochondrial membrane
potential allows for PINK1 accumulation on the OMM (Lin and Kang, 2008). PINK1 then promotes
recruitment of the E3 ubiquitin ligase PARKIN to damaged mitochondria (Geisler et al., 2010;
Matsuda et al., 2010; Narendra et al., 2008; Narendra et al., 2010; Vives-Bauza et al., 2010) by
phosphorylation of both PARKIN and ubiquitin, which activates PARKIN E3 ligases function
(Kondapalli et al., 2012; Koyano et al., 2014; Shiba-Fukushima et al., 2012). Ubiquitinated proteins
can interact with autophagy adaptors and recruit LC3-rich autophagosomal membranes (Geisler et

al., 2010; Narendra et al., 2008), or proceed to proteasomal-dependent degradation (Chan et al., 2011)

Some studies of mitophagy have relied on the overexpression of PINK1 and/or PARKIN, often
coupled to drug-induced mitochondrial depolarisation (loss of the mitochondrial membrane
potential). These highly artificial models have called into question the role of PINK1 and PARKIN
in mitophagy, particularly as mouse and Drosophila models lacking PINK1 or PARKIN expression
still show efficient mitophagy (Lee et al., 2018; McWilliams et al., 2018). Furthermore, PINK1 can
mediate mitophagy via E3 ligases other than PARKIN, such as MUL1 and ARIHI, and the
autophagosome can also be recruited by proteins localised on the OMM (e.g. BNIP3, NIX, FUNDCI,
AMBRAT) (Villa et al., 2018). OMM rupture can also induce mitophagy by exposing the LC3
receptor prohibitin 2 (PHB2), increasing autophagosome recruitment (Wei et al., 2017). In addition,
mitochondrial stress promotes translocation of the IMM lipid cardiolipin to the OMM, where it can

act as an autophagy receptor (Chu et al., 2013).
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1.2.4 Mitochondrial act as cellular stress sensors

Mitochondria are able to both receive and send signals concerning homeostasis within cells
(Chandel, 2015a). For instance, loss of homeostasis can result in apoptosis, which is mediated by the
pro-apoptotic proteins BAX and BAK. Upon cellular insult, BH3-containing proteins activate BAK
and BAX both directly and indirectly via inhibition of BCL-2 family members (Dadsena et al., 2021;
Kim et al., 2006a). Activated BAX and BAK redistribute on the OMM, where they oligomerise (Dai
et al., 2011; Wolter et al., 1997), creating pores that allow for release of pro-apoptotic cytochrome ¢

(Liu et al., 1996), resulting in caspase-mediated cell death (Li et al., 1997).

Just as cellular homeostasis or lack thereof can be communicated to mitochondria, mitochondria can
also communicate lack of fitness to the rest of the cell (Anderson and Haynes, 2020; Battersby and
Richter, 2013; Boos et al., 2020; Topfet al., 2016). As indicated earlier, most mitochondrial proteins
are encoded in the nuclear genome and synthesised in the cytosol (D'Souza and Minczuk, 2018) and
the import of these proteins into the mitochondrion depends on mitochondrial membrane potential
(Schleyer et al., 1982). Mitochondrial fitness is therefore the product of a carefully balanced
stoichiometry between nuclear-encoded and mitochondrial-encoded components, which can be
assembled as subunits of the same structure, such as the mitochondrial ribosome and complexes of
the electron transport chain (Battersby and Richter, 2013). While work in Saccharomyces cerevisiae
has suggested that this stoichiometry is communicated unidirectionally from the nucleus to the
mitochondria (Couvillion et al., 2016), other studies in Caenorhabditis elegans have shown that
imbalance in mitochondrial ribosome abundance can feed back to the cytosol and reduce the

abundance of cytosolic ribosome in order to maintain homeostasis (Molenaars et al., 2020).

Lack of protein import into the mitochondria results in the accumulation of mitochondrial protein
precursors into the cytosol and increased protein mistargeting. This type of mitochondrial stress is
referred to as unfolded protein response activated by protein mistargeting (UPRam) (Wrobel et al.,
2015). The UPRam results in the inhibition of cytosolic protein synthesis and in enhanced proteasome
activation (Wrobel et al., 2015), thought to be triggered by protein aggregates in the cytosol (Nowicka
etal., 2021). A different form of communication, termed the mitochondrial unfolded protein response
(mtUPR) is canonically triggered by defective mitochondrial translation or defective folding of
mitochondrial proteins, and it upregulates the expression of mitochondrial chaperonins (Zhao et al.,
2002). While additional mitochondrial insults (such as impaired fusion) can trigger the mtUPR, only
inhibition of mitochondrial protein synthesis was shown to affect cytosolic translation (Molenaars et

al., 2020). Notably, the mtUPR can be beneficial, as both worms and mice with deficiency in
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mitochondrial translation since early development display longer lifespan in adulthood (Houtkooper

etal., 2013).

How is mitochondrial dysfunction communicated to the cytosol? The transcription factor ATFS-1 has
been described as a key player in C. elegans. ATFS-1 bears both a mitochondrial localisation
sequence and a weak nuclear localisation sequence, and it is usually imported into the mitochondria,
where it is targeted for degradation (Nargund et al., 2012). Upon mitochondrial distress, lack of
membrane potential abolishes ATFS-1 mitochondrial localisation and results in its translocation to
the nucleus, where it can induce transcription of genes associated with promotion of cellular
homeostasis (Nargund et al., 2012). It is currently unclear whether a similar event occurs in
mammalian cells, although a similar regulatory mechanism has been proposed for ATF5 in HeLa and
HEK293T cells (Fiorese et al., 2016). In addition, lack of mitochondrial precursor import has been
suggested to impair cytosolic protein synthesis and recruit chaperones via the transcription factor
HFS-1 (Boos et al., 2020). HFS-1 is usually kept in an inactive state by cytosolic chaperone binding.
However, increases in mitochondrial precursor aggregation can recruit chaperones to aggregates,
allowing free HFS-1 to translocate to the nucleus and induce transcription of genes associated with
pro-survival response. Furthermore, as mitochondrial dysfunction could lead to morphological
alterations, lipid signalling has also been highlighted as a potential pathway that relays stress signals

back to the cytosol (Kim et al., 2016).

Another key event occurring upon mitochondrial dysfunction is triggering of the integrated stress
response (ISR), which differs from the mtUPR. The ISR is induced by activation of one or more main
kinases (HRI, PERK, GCN and PKR) which respond to different cellular insults, such as ER stress,
amino acid deficiency, viral infection, oxidative stress, iron depletion, proteasome inhibition and
hypoxia (Pakos-Zebrucka et al., 2016). Kinase engagement triggers phosphorylation of the eukaryotic
initiation factor elF20, which prevents the formation of the GTP-bound active form required for
translation initiation (Safer et al., 1975; Siekierka et al., 1982). This event results in downregulation
of protein synthesis and in the preferential translation of mRNAs with short open reading frames in
their 5> UTR (Harding et al., 2000). One of the transcription factors preferentially translated upon
ISR triggering is ATF4, which promotes the restoration of cellular homeostasis (Harding et al., 2000;
Harding et al., 2003). It is important to note that acute ISR aims to restore cellular fitness, but chronic

ISR is damaging and can lead to apoptosis (Pakos-Zebrucka et al., 2016).

While the mtUPR results in increased expression of ATF5 and chaperones, mitochondrial stress
triggering the ISR results in upregulation of ATF4 target genes (Quiros et al., 2017). Inhibition of

mitochondrial translation was shown to trigger an ATF4-dependent decrease in cytosolic protein
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synthesis (Molenaars et al., 2020; Quiros et al., 2017). In addition, two recent studies revealed a direct
link between mitochondrial dysfunction and cytosolic translation via the DELE1-HRI pathway
(Fessler et al., 2020; Guo et al., 2020). Mitochondrial stress allows for DELE]1 to be released from
mitochondria and to bind HRI, one of the ISR kinases, resulting in ISR triggering and impaired
cytosolic translation. While these results highlight that mitochondrial dysfunction can induce the
canonical ISR, kinase depletion does not always result in an interruption of the ISR triggered by
mitochondrial insult (Quiros et al., 2017). In addition, elF2a-independent upregulation of ATF4 has
been observed (Ben-Sahra et al., 2016; Quiros et al., 2017). Taken together, these findings suggest

the existence of a non-canonical activation of the ISR upon loss of mitochondrial homeostasis.

Furthermore, mitochondrial stress can impair mTOR signalling and inhibit cytosolic translation. This
has been observed as part of the mitochondrial ISR response (ISRmt), triggered by defects in mtDNA
replication (Khan et al., 2017). Mitochondrial ROS (mtROS) signalling has also been involved in the
impairment of protein synthesis upon mitochondrial damage. According to this model, mitochondrial
damage leads to leakage of reactive oxygen species, which can decrease the affinity of the ribosome
for RNA by oxidizing ribosomal subunits (Topf et al., 2018). In addition, mtROS can inhibit cytosolic
translation by inducing the formation of stress granules, ribonucleotide complexes characterised by
the presence of translationally inactive mRNA and initiation factors. In CTLs, aberrant mtROS

release causes tRNA fragmentation, impairing cytosolic protein synthesis (Yue et al., 2021).

1.2.5 Mitochondrial communicate with other organelles via membrane contact sites

Mitochondria can directly interact with other organelles through the formation of membrane
contact sites (Prinz et al., 2020). Observations of a contiguous membrane juxtaposition between the
ER and mitochondria (Bernhard et al., 1952) were supported by findings revealing the enrichment of
specific enzymes mediating lipid biosynthesis at these sites (Vance, 1990), named mitochondria-
associated membranes (MAMSs) (Rusinol et al., 1994) or contact sites (Ardail et al., 1993). These
observations led to the hypothesis that MAMs could be functionally relevant for lipid transfer
between the two organelles. While the definition and the study of contact sites poses numerous
semantic and technical challenges (Scorrano et al., 2019), mitochondria have been shown to form

morphologically and functionally relevant juxtaposition with several organelles.

The most frequent mitochondrial contact sites occur with the ER, followed by the Golgi and lipid
droplets (Valm et al., 2017). Membrane juxtaposition between the ER and mitochondria is mediated

by several proteins, indicating the importance of MAMs in cellular homeostasis (Gordaliza-Alaguero
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et al., 2019). The frequency of contact sites between the ER and mitochondria increases upon ER
stress, and this has been suggested to serve cytoprotective functions (Bravo et al., 2011). However,
the connection between ER and mitochondria can also result in calcium fluxes ultimately leading to
apoptosis by promoting cytochrome c release (Breckenridge et al., 2003; Szalai et al., 1999). The
chaperone protein GRP75 physically links the voltage-dependent ion channel VDAC on the OMM
and the inositol 1,4,5-triphosphate receptor (IP3R) on the ER (Szabadkai et al., 2006). This and other
close appositions allow for the local surge in calcium concentration upon IP3-mediated stimulation
(Rizzuto et al., 1993), which can be more than twenty times higher than the concurrent concentration
of calcium in the cytoplasm (Csordas et al., 1999). Mitochondrial depolarisation results in the loss of
locally controlled Ca*" oscillations upon stimulation and induces a broad propagation of calcium in
the cytosol (Tinel et al., 1999). Mitochondria-ER contact sites are also used for ROS signalling, which

can both induce and be induced by calcium flux, creating a feed-forward loop (Booth et al., 2016).

Some contact sites can specify regions that will undergo mitochondrial fission: this is the case with
the ER, forming a platform for DRP1 assembly (Friedman et al., 2011), lysosomes, via RAB7 GTP
hydrolysis (Wong et al., 2018) and Golgi-derived vesicles containing phosphatidylinositol 4-
phosphate [PI(4)P] (Nagashima et al., 2020). Interestingly, a recent study has proposed that these
contact sites could discriminate between fission leading to mitochondrial proliferation and fission
leading to mitophagy (Kleele et al., 2021). Lysosome-mitochondria contacts have also been
implicated in mitochondrial function in axons. Late endosomes were found to associate with both
mitochondria and RNA granules encoding mitochondrial proteins, promoting mitochondrial

homeostasis by allowing for locally targeted translation (Cioni et al., 2019).

Mitochondria have been observed to form contacts with a multitude of different proposed functions.
Stable contacts between the Golgi and mitochondria have also been observed, and they might provide
Ca?* gradients and ATP supply across the Golgi (Dolman et al., 2005). In addition, mitochondria can
make membrane contacts with lipid droplets, supporting their expansion (Benador et al., 2018).
Starvation increases contact sites between mitochondria and lipid droplets, which is thought to
enhance fatty acid oxidation in the mitochondria, further indicating that these membrane associations
are crucial in responding to alteration in cellular homeostasis (Valm et al., 2017). Mitochondria can
also form juxtapositions with the nucleus to communicate loss of homeostasis (Desai et al., 2020).
Furthermore, mitochondria and peroxisomes have also been shown to interact via membrane contact
sites, thought to promote the exchange of metabolites supporting fatty acid oxidation and steroid

synthesis (Fan et al., 2016).
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Mutations in proteins mediating contact sites can result in diabetes, cancer and neurodegeneration
(Prinz et al., 2020). It is important to note that the prevalence and functionality of contact sites in
lymphocytes has been understudied. A recent preprint pointed out that the protein TCAIM was needed
for cholesterol biosynthesis at ER-mitochondria contact site. Loss of TCAIM resulted in altered
function in CD8" T cells by reducing the expression of the transcription factor HIFla, which
modulates metabolism and the expression of effector genes (Iwert et al 2021;

https://doi.org/10.1101/2021.04.20.440500). This interesting observation calls for more studies to

investigate the role of contact sites in lymphocytes and in specifically in CTL-mediated cytotoxicity.

1.2.6 Mitochondria influence T cell differentiation, signalling and metabolism.

Mitochondria can contribute to both innate and adaptive immunity with a variety of roles
extending beyond energy requirements and intertwining with TCR-dependent signalling (Mehta et
al., 2017). Mitochondrial function, architecture and clearance can all affect T cell metabolism, thus

modulating T cell development, differentiation and effector functions (Zhang and Romero, 2018).

Manipulating mitochondrial dynamics and metabolism by deleting the fusion protein OPA1 (Corrado
etal., 2021), the division promoter DRP1 (Simula et al., 2018) or the mitochondrial pyruvate carrier,
essential for pyruvate entry into the TCA cycle (Ramstead et al., 2020) can affect thymic
development, skewing T cell differentiation and altering TCR-dependent signalling. These defects
are pervasive and can lead to autoimmune phenotypes (Ramstead et al., 2020). Interestingly, while
OPA1 depletion results in the inability to generate a competent pool of long-lived memory T cells
(Corrado et al., 2021), DRP1-deficient mice show an enhanced propensity for T cell differentiation
towards a memory phenotype (Simula et al., 2018). Impairing mitochondrial transcription by TFAM
knockout can also affect T cell development and results in fewer CD4" and CD8" T cells in peripheral
tissues, and in a higher prevalence of pro-inflammatory CD4" T cells (Desdin-Mico et al., 2020).
Similarly, genetic deletion of the ETC complex III (Sena et al., 2013), ablation of complex IV
assembly factors (Tan et al., 2017a) and DRP1 depletion (Simula et al., 2018) can reduce the amount
of CD4" and CD8" T cells in peripheral tissues. Pharmacological inhibition of complex I can also

impair naive CD8" T cell expansion upon stimulation (Yi et al., 2006).

Naive T lymphocytes are metabolically quiescent cells that rely on both mitochondrial metabolism
and glycolysis for their survival (Pearce, 2010). TCR stimulation dramatically alters the metabolic
profile of T cells, triggering an initial burst of both OXPHOS and glycolysis (Levine et al., 2021),

which is supported by the high availability of glycolytic enzymes even in quiescent naive cells (Wolf
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et al., 2020). CD28 stimulation promotes expression and trafficking of the glucose transporter
GLUT]1, which enhances glucose metabolism, T cell proliferation and cytokine production (Jacobs et
al., 2008). In addition, CD28-mediated signalling increases glutamine uptake upon activation, which

is essential for T cell proliferation (Carr et al., 2010).

OXPHOS is essential for naive T cell proliferation and activation (Chang et al., 2013; Sena et al.,
2013; Tan et al., 2017a; Yi et al., 2006). OXPHOS inhibition in newly activated naive T cells reduces
ATP and ROS production, ERK1/2 phosphorylation and calcium flux (Yi et al., 2006). TCR
crosslinking rapidly generates mtROS (Devadas et al., 2002) required for activation and expansion
of both CD4" (Sena et al., 2013) and CD8" (Fischer et al., 2018) T cells. Conversely, deprivation of
mtROS prevents TCR-dependent proliferation and NFAT translocation to the nucleus, independently
of calcium signalling (Sena et al., 2013). Furthermore, absence of mtROS signalling impairs IL-2-
dependent production of cytokines and cytotoxic molecules in newly activated CD8" T cells (Fischer

et al., 2018).

Ultimately, mature CTLs show enhanced reliance on glycolysis instead of OXPHOS even when
oxygen is available (Menk et al., 2018; Pearce, 2010). This phenomenon is common to both T
lymphocytes and tumorigenic cells, and it is referred to as the Warburg effect (Warburg, 1956).
Despite being less efficient in terms of ATP production, glycolysis is thought to be favoured over
OXPHOS to sustain biosynthetic needs, as glycolytic intermediates can fuel the synthesis of amino
acids, nucleotides and lipids (Lunt and Vander Heiden, 2011). mtROS generation in CTLs seems to
serve different purposes than in naive T cells. In mature CTLs, both NFAT translocation and IL-2
transcription are independent from mtROS production, while ERK 1/2 signalling requires it (Devadas
et al., 2002; Fischer et al., 2018). While OXPHOS inhibition prevents naive T cell development,
OXPHOS-impaired CTLs can survive and develop into effectors, showing remarkable metabolic
plasticity (Chang et al., 2013). This plasticity is thought to allow T cells to proliferate and function

efficiently both in oxygen-replete (lymphoid organs) and oxygen-depleted (tumour) environments.

Remarkably, the ability of T cells to undergo further differentiation depends on mitochondria.
Effector T cells tend to have smaller and round mitochondria, which is thought to be less OXPHOS-
efficient, while memory T cells have long and interconnected mitochondria, thought to facilitate
OXPHOS by increased juxtaposition of ETC complexes (Buck et al., 2016). Indeed, mitochondrial
fusion is required for memory T cell production but not for CTL survival. Forcing mitochondrial
fusion can skew T cell differentiation into a memory phenotype, highlighting the importance of

mitochondrial dynamics in T cell development (Buck et al., 2016). Impairment of mitochondrial
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division via Drpl silencing skews T cell differentiation towards a memory phenotype by inhibiting

glycolysis and promoting OXPHOS, fatty acid oxidation and the TCA cycle (Simula et al., 2018).

Memory T cells show augmented mitochondrial mass and mitochondrial respiration compared to both
naive and effector CTLs (van der Windt et al., 2012), and engagement of glycolysis, fatty acid
oxidation, mitochondrial-derived ATP and mtROS are all thought to sustain memory T cell
proliferation during the recall response (Gubser et al., 2013; Sena et al., 2013; van der Windt et al.,
2013). Both metabolic pathways are sustained by CD28 signalling. CD28 can enhance glycolysis by
boosting PI3K/AKT signalling (Frauwirth et al., 2002) but it can also trigger a signalling cascade
resulting in cristae reorganisation, increased respiratory capacity and upregulated expression of fatty

acid oxidation enzymes (Klein Geltink et al., 2017)

Mitochondria in memory T cells can form membrane contact sites with the ER, which improves their
respiratory and metabolic capacity, thought to be key to the rapid recall response (Bantug et al., 2018).
Interestingly, terminally differentiated effector CTLs and memory T cells are also characterised by a
different percentage of damaged mitochondria, with the anabolic effector T cell population displaying
less mitochondrial degradation than the catabolic memory T cell population. This discrepancy is
thought to originate during cytokinesis, where one daughter cell acquires more aged mitochondria
despite an initial homogeneous distribution during metaphase (Adams et al., 2016). The molecular
machinery involved in asymmetric mitochondrial distribution are not clear. Moreover, this notion is
at odds with recent work describing a “shuffling” model for equivalent mitochondrial inheritance
(Moore et al., 2021), and could suggest that different mechanisms are at a play in cells where

asymmetrical division is used as a tool to affect differentiation.

1.2.7 Mitochondria can modulate CTL effector functions

Despite the well-known shift to glycolysis following T cell receptor engagement, AMPK and
mTOR signalling coordinate an increase in both mitochondrial mass and mtDNA in newly activated
CD8" T cell (D'Souza et al., 2007), resulting in a profound alteration of the T cell proteome (Howden
et al., 2019). Mitochondrial mass positively correlates with CTL anti-tumour function (Scharping et
al., 2016). Tumours unresponsive to PD-1 therapy were shown to escape T cell-mediated
immunosurveillance by either downregulating MHC-I expression, or by directly decreasing
mitochondrial function through a soluble factor and independently from signalling events relying on

transcription or translation (Kumar et al., 2020). This evidence alludes to a role for mitochondria in
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T cell cytotoxicity. However, whether mitochondria play a direct role in killing has not been

elucidated.

Mitochondria can support lymphocyte migration by ATP generation (Campello et al., 2006).
Mitochondria have also been suggested to participate in calcium flux in CD4" T cells by acting as a
mitochondrial membrane potential-dependent calcium store (Hoth et al., 1997). Engagement of either
the TCR or the integrin LFA-1 induces mitochondrial migration towards the IS in CD4" T cells
(Contento et al., 2010; Quintana et al., 2007). Polarised mitochondria are thought to sustain TCR
signalling (Baixauli et al., 2011) and calcium flux by promoting CRAC channel activation (Hoth et
al., 2000; Quintana et al., 2006; Schwindling et al., 2010). Sustained increases in intracellular calcium
induces NFAT translocation to the nucleus, thus providing a role for mitochondria in regulating T
cell transcription during the killing response (Contento et al., 2010; Hoth et al., 2000). Mitochondrial
translocation to the IS depends on the fission factor DRP1 (Baixauli et al., 2011). Interestingly, Drp1
silencing not only impairs mitochondrial polarisation at the IS, but also potentiates calcium flux

(Baixauli et al., 2011; Simula et al., 2018).

A role for mitochondrial respiration in killing was also suggested by complex I inhibition, which
precluded cytokine synthesis and degranulation in memory and effector T cells (Yi et al., 2006).
Interestingly, impaired complex I activity affected TNFa production more than IFNy in CTLs. By
contrast, the expression of both cytokines was dramatically downregulated in memory T cells (Yi et
al., 2006). This highlights differences in cytokine regulation in effector and memory T cells, adding

another layer of complexity to the role of mitochondrial function in different T cell populations.

1.2.8 Metabolism at the centre of gene expression and cytotoxicity

An increasing amount of research has been devoted to the metabolic pathways employed by
different subtypes of T cells, and how they might influence their effector function (Pearce et al.,
2013). CTL metabolic plasticity is not only remarkable per se, but it also offers insights into potential
anti-tumoral treatments. In the tumour microenvironment, CTLs preferentially uptake glucose, while
cancer cells rely on glutamine uptake and only outcompete neighbouring T lymphocytes for glucose
when glutamine is scarce (Reinfeld et al., 2021). Treating murine tumours with glutamine antagonists
leads to decreased tumour proliferation by TCA cycle and glycolysis suppression. The effect of
glutamine blockage on tumour-infiltrating lymphocytes seem to vary in different experimental setups
(Leone et al., 2019; Reinfeld et al., 2021), but it appears to lead to augmented expression of cytokines

and granzyme B, and increased expression of memory T cell markers, suggesting improved tumour
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clearance ability (Leone et al., 2019). Thus, immunotherapeutic treatment could exploit the ability of

T cells to re-route their metabolism while conserving efficient effector functions.

As detailed earlier, the expression of cytolytic proteins often relies on post-transcriptional regulation.
Several metabolic enzymes are known to moonlight as RNA-binding proteins, altering both mRNA
turnover and their recruitment to ribosome for translation initiation (Castello et al., 2015). A well-
described member of these metabolic regulators is the enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which canonically catalyses the formation of 1,3-biphosphoglycerate from
glyceraldehyde 3-phosphate during the process of glycolysis (Chandel, 2015b). However, GAPDH
can also act as a RBP by binding both tRNA (Singh and Green, 1993) and mRNA (Nagy and Rigby,
1995). mRNA binding occurs through the recognition of AU-rich elements (ARE) in the 3° UTR,
often found in cytokine mRNA (Nagy and Rigby, 1995). Enforcing mitochondrial respiration
disengages GAPDH from glycolysis and increases its activity as a RBP, resulting in decreased I[FNy
production (Chang et al., 2013). Additional metabolic enzymes that can act as RBPs include the
glycolytic enzymes aldolase, enolase, pyruvate kinase and triosephosphate isomerase, together with
enzymes catalysing fatty acid oxidation, TCA cycle and even nucleoside and amino acid metabolism
(Castello et al., 2015). Thus, metabolic rewiring can play a role in post-transcriptional regulation by

repurposing RBP to modulate the lymphocyte proteomic landscape (Turner and Diaz-Munoz, 2018).

Metabolic pathways also influence chromatin structure and accessibility by regulating histone
methylation, acetylation, and lactylation (Franco et al., 2020). Strategies aimed at regulating the
metabolic milieu in the tumour microenvironment are therefore focusing on exploiting metabolic
regulation of epigenetics for therapeutic purposes (Van Acker et al., 2021). Mitochondrial
dysfunction can lead to changes in metabolite abundances, which can in turn modify chromatin
accessibility, leading to dysregulated gene expression and diminished T cell function. These
chromatin modifications are crucial in CD8" T cells, as fixed chromatin accessibility (defined as a
lack of amenability to modification) correlates with exhaustion in human CD8" T cells (Philip et al.,
2017). Accumulation of depolarised mitochondria in tumour-infiltrating lymphocytes is associated
with a transcriptomic signature and anergy typical of exhausted T cells (Yu et al., 2020). The hypoxic
and stimulatory conditions found in the tumour microenvironment are thought to contribute to
mitochondrial dysfunction, generating high levels of mtROS that upregulate exhaustion marker
expression and impair cytokine synthesis (Scharping et al., 2021). Furthermore, dysfunctional
mitochondria in CD4" T cells can induce cytokine storms and premature senescence in peripheral
tissue, as it is occurs with T cells lacking the mitochondrial transcription factor TFAM (Desdin-Mico

et al., 2020).
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The exhaustion markers PD-1, CTLA-4 and TIM-3 all impair glucose uptake and glycolysis. In
addition, the receptors LAG-3, 4-1BB and OX40 downregulate mitochondrial metabolism,
compromising CTL functions and memory T cell survival (Madden and Rathmell, 2021). Modulating
T cell metabolism might promote longer-term protection, as shown by studies where glycolysis
inhibition was sufficient to skew T cell differentiation towards a memory phenotype and antitumour
functions (Geiger et al., 2016; Sukumar et al., 2013). By understanding how metabolic choices affect
T cell exhaustion and vice versa, it may be possible to improve on existing immunotherapeutic

strategies (Zhang and Romero, 2018).

Evidence suggests that in vivo metabolism might be quite different from in vitro studies (Ma et al.,
2019). This is partially caused by the unphysiological concentration of metabolites in standard tissue
culture media, which poorly recapitulate in vivo conditions and might therefore alter the activation of
metabolic and proliferation pathways (Cantor et al., 2017; Vande Voorde et al., 2019). Modulating
glucose concentration in media is sufficient to alter the expression of activation markers, cytokines
and proliferation in virus-specific CD8" T cells (Sanchez et al., 2020). Further research is therefore
needed to clarify which metabolic pathways are utilised in vivo to better potentiate T cell response to

virally infected cells and cancers.
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1.3 The role of USP30 in cellular homeostasis

1.3.1 USP30: an inhibitor of pexophagy and mitophagy

The ubiquitin-specific protease 30 (USP30) is a transmembrane protein anchored to the outer
membrane of mitochondria (Nakamura and Hirose, 2008) and peroxisomes (Marcassa et al., 2018)
(Figure 1.3). In mitochondria, the N-terminus of USP30 is localised in the intermembrane space, and
it is followed by an intermembrane domain flanked by positively charged residues, which is inserted
in the OMM. The cytoplasmic portion of the protein mediates the enzymatic activity (Nakamura and
Hirose, 2008). Expression of truncated USP30 bearing only the N-terminal and transmembrane
sequence is sufficient for localisation to peroxisomes, while the addition of the positively charged

residues results in expression in both peroxisomes and mitochondria (Marcassa et al., 2018).

USP30 was identified as a mitophagy inhibitor, as it cleaves ubiquitin chains on specific substrates
on the OMM (Bingol et al., 2014). USP30 preferentially cleaves Lys6 and Lys11-linked ubiquitin
(Cunningham et al., 2015; Deol et al., 2020; Gersch et al., 2017; Sato et al., 2017). In addition, USP30
delays PARKIN recruitment to mitochondria upon loss of mitochondrial membrane potential (Wang
et al., 2015). Distally phosphorylated ubiquitin inhibits USP30, suggesting that prolonged PINK1-
mediated phosphorylation could ultimately prevent deubiquitinase activity (Deol et al., 2020; Gersch
et al., 2017; Sato et al., 2017). USP30 depletion results in enhanced ubiquitylation of OMM proteins

and sensitises cells to apoptosis (Liang et al., 2015).

In addition to PARKIN, the E3 ubiquitin ligase MARCHS has also been identified as a positive
regulator of mitophagy counteracting the activity of USP30. MARCHS is localised close to the TOM
complex, and targets proteins entering the TOM channel for degradation (Phu et al., 2020). Loss of
USP30 results in preferential ubiquitination of components of the TOM complex (TOM20, TOMS,
TOM40, TOM70), and the anion channel proteins VDACI1, VDAC2 and VDAC3 in neurons
(Ordureau et al., 2020). Taken together, these results support a role for USP30 in regulating
mitochondrial protein import. These studies indicated the existence of mitophagy-inducing proteins
in addition to PARKIN and MARCHS (Ordureau et al., 2020), suggesting that the full picture of
USP30-mediated quality control of mitochondria has not been fully elucidated yet.

Additional targets of USP30 include proteins interacting with the OMM, such as the fusion promoter
MFN?2 and the fission protein FIS1 (Ordureau et al., 2020). Interestingly, both overexpression (Chen
et al., 2021) and downregulation (Nakamura and Hirose, 2008; Yue et al., 2014) of USP30 have been
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linked to mitochondrial elongation, raising the possibility that modulating ubiquitination might affect
mitochondrial dynamics. Furthermore, USP30 inhibition leads to the ubiquitination of the glycolytic
enzyme hexokinase 1 (HK1) (Ordureau et al., 2020). HK1 can associate with the outer mitochondrial
membrane (Craven and Basford, 1969; Kropp and Wilson, 1970) by interacting with VDACI (Fiek
et al., 1982; Linden et al., 1982). This interaction is thought to couple the ATP-dependent enzymatic
activity of HK1 to the site of ATP production (Gots and Bessman, 1974). The enzymes fatty acid
synthase (FASN) and ATP-citrate synthase (ACLY) were also downregulated upon loss of USP30
(Ordureau et al., 2020). Therefore, USP30 can play a role in mitophagy flux, mitochondrial

morphology and metabolism.

The localisation of USP30 on peroxisomes allows it to inhibit PEX2-induced ubiquitination and
peroxisomal degradation (pexophagy) (Marcassa et al., 2018; Riccio et al., 2019) (Figure 1.3). It is
currently unknown whether other E3 ligases counteract USP30 action on peroxisomes, or indeed if
other deubiquitinases in addition to USP30 are directly responsible for modulating pexophagy. The
only other well-characterised mammalian peroxisomal deubiquitinase, USP9X, seems to have a more
general role in mediating protein import into the organelle by acting on the PEXS5 shuttling receptor

(Grou et al., 2012).

USP30 is not the only protein showing a promiscuous localisation or function in both mitochondria
and peroxisomes. A few proteins regulating biogenesis (PGC-1a) (Bagattin et al., 2010; Wu et al.,
1999) and fission (FIS1, DRP1, MFF) (Gandre-Babbe and van der Bliek, 2008; Koch et al., 2003;
Koch et al., 2005) are common to both mitochondria and peroxisomes. The complex interplay
between the two organelles is likely wider than previously appreciated. Patients exhibiting defects in
peroxisome biogenesis (Zellweger’s syndrome) display altered mitochondrial morphology and
impaired mitochondrial respiration (Goldfischer et al., 1973). These phenotypes have also been
described in mouse models of peroxisomal biogenesis or metabolism defects (Baes and Van
Veldhoven, 2012). The molecular mechanisms responsible for the crosstalk between defective
peroxisome and mitochondria are unknown, but they have been suggested to depend on the shared

handling of ROS and lipid metabolism by mitochondria and peroxisomes (Fransen et al., 2017).
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Figure 1.3. USP30 negatively regulates mitophagy and pexophagy.

USP30 cleaves ubiquitin chains from substrates on the outer mitochondrial (M) and peroxisomal (P) membrane,
counteracting the E3 ligases PARKIN on mitochondria and PEX2 on peroxisomes. Loss of USP30 results in ubiquitin

accumulation on the outer mitochondrial and peroxisomal membrane, triggering mitophagy and pexophagy.

1.3.2 USP30 as a therapeutic target

The role of USP30 as a mitophagy inhibitor has been under study as a potential therapeutic target
for Parkinson’s disease (Thobois, 2015). Cellular degeneration observed in Parkinson’s patients is
thought to be partially caused by a disruption in mitochondria quality control pathways. Hereditary
Parkinson’s is often linked to loss of function mutations in Pinkl and Parkin (Pickrell and Youle,
2015). As previously described, PINK1 and PARKIN trigger mitophagy initiation, while
downregulation of their activity prevents the clearance of damaged mitochondria. Based on this
model, USP30 depletion is supposed to restore cellular homeostasis by removing the break on

mitophagy and therefore facilitating the degradation of mitochondria.
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The development of pharmacological treatments for Parkinson’s disease has focused on activators of
PINK1 and PARKIN and on inhibitors of mitochondrial deubiquitinases (DUBs) (Miller and Mugqit,
2019). In addition to USP30, other mitophagy regulators include USP8 (Durcan et al., 2014), USP14
(Chakraborty et al., 2018), USP15 (Cornelissen et al., 2014), USP35 (Wang et al., 2015) and ATXN3
(Durcan et al.,, 2011). Interestingly, USP14 has been shown to counteract mitophagy via a
PINK1/PARKIN-independent pathway (Chakraborty et al., 2018). Not all DUBs negatively regulate
mitophagy: for example, ATXN3 and USP8 do not affect PARKIN substrates but rather PARKIN
itself, affecting its stability and its recruitment to mitochondria (Durcan et al., 2011; Durcan et al.,
2014). Finally, some DUBs are known to be involved in the development of Parkinson’s related
phenotype by alternative pathways. This is the case for USP9X, which acts on a-synuclein, whose

aggregation is thought to be toxic in neurons (Rott et al., 2011).

USP30 is the only deubiquitinase known to be anchored to the OMM (Urbe et al., 2012). Its role is
specific to mitophagy and pexophagy regulation, while other DUBs are involved in additional
processes such as modulating proteasome-mediated degradation and endosomal trafficking
(Chakraborty and Ziviani, 2020). Because of its well-characterised and restricted mode of action,
USP30 has been chosen as a target for the development of inhibitors that could be used as therapeutic
solutions for Parkinson’s disease patients (Kluge et al., 2018; Rusilowicz-Jones et al., 2020; Yue et
al., 2014). It is currently unknown whether USP30 downregulation could be beneficial or detrimental
in tissues other than the neuronal system. A recent report characterised the in vivo effects of USP30
by measuring mitophagy in the heart, brain and liver tissue of mice treated with a USP30 inhibitor
(Luo et al., 2021). Interestingly, only the cardiac tissue showed a detectable increase in mitophagy,
suggesting that the role of USP30 could be either tissue-specific or subject to different rates of

metabolic breakdown in different tissues (Luo et al., 2021).

In vitro studies have investigated the role of USP30 in a variety of immortalised cell lines, such as
HeLa, HEK293T, MEFs, SH-SY5Y, U20S, RPE1 and COS7 (Bingol et al., 2014; Cunningham et
al., 2015; Marcassa et al., 2018; Nakamura and Hirose, 2008; Phu et al., 2020; Riccio et al., 2019)
and in neurons derived from human embryonic stem cells (Ordureau et al., 2020). To date, the role
of USP30 has not been investigated in primary cell lines. The lack of studies in additional models
prevents a full understanding of the role of USP30 in other tissues. Specifically, the effects of USP30

depletion in the immune system have not been explored.
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14 Aims of this work

USP30 was recently identified as a novel regulator of T cell cytotoxicity in a large screen aimed
at uncovering new regulators of the immune response (Abeler-Ddrner et al., 2020). This work showed
that Usp30~~ mice had no apparent morphological or developmental defect but exhibited diminished
CDS8" T cell cytotoxicity and altered susceptibility to dextran sulfate sodium (DSS)-induced colitis
(Abeler-Dorner et al.,, 2020). While the role of mitochondria has been described in T cell
differentiation and metabolism, little is known about the way that mitochondria affect the ability of
CD8" effector T cells to kill, and specifically which mitochondrial functions might mediate

cytotoxicity.

The aim of this thesis is to understand how USP30 depletion leads to a loss of CTL killing. First, I
will provide a characterisation of mitochondria and peroxisomes in Usp30”- CTLs, followed by a
morphological and functional analysis of the mitochondrial population in USP30-depleted CTLs.
Next, [ will investigate the cytotoxicity defect in a stepwise manner focusing on cell migration, target

cell recognition, T cell signalling and lytic granule polarisation at the immunological synapse.

I will then explore T cell development and cytotoxicity in different murine and CRISPR knockout
models to probe for the requirement for specific mitochondrial functions in CTL killing. Finally, I
will examine pathways known to link mitochondrial fitness to cellular homeostasis to understand how

optimal mitochondrial function regulates T cell-mediated immunosurveillance.
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CHAPTER 2

Materials and Methods
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2.1 Mouse strains

Wild-type (WT), Usp30” mice (C57BL/6N background) and mt-tRNA**“ mice (C57BL/6J
background) were bred and housed in a specific-pathogen-free (SPF) mouse facility at the Anne
McLaren Building on the Cambridge Biomedical Campus. m#-tRNA*"“ mice were a kind gift from
Stephen Burr and Patrick Chinnery (Mitochondrial Biology Unit, University of Cambridge). Ttc19”
and Ndusf4”- mice were a generous gift from Carlo Viscomi and Massimo Zeviani (Department of
Neuroscience, University of Padova). Spleens were extracted from 3-6 months (Usp307), 4-weeks
(Ndufs4”-), 3-5 months (Ttc197") and 2-3 months old (mz-tRNA*“) mice. All animals were age and

gender-matched with control (WT) animals housed in the same mouse facility.

This research has been regulated under the Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012 following ethical review by the University of Cambridge Animal Welfare and
Ethical Review Body (AWERB).

2.2 Cell culture and generation of stable cell lines

Splenocytes were activated as a single cell suspension on plate-bound 0.5 pg/ml hamster a-
mouse CD3¢ (clone eBio500A2) (eBioscience, 16-0033-86) and 1 pg/ml hamster a-mouse a-CD28
(clone 37.51) (eBioscience, 16-0281-82) for 48h at 37°C. CTLs were cultured in RPMI supplemented
as indicated in Table 2.1. CD8" T cells were purified 3 days after stimulation (unless otherwise
indicated in the text) using the mouse CD8a" T Cell Isolation Kit (MACS Miltenyi Biotec, 130-104-

075) following manufacturer’s instructions.

Table 2.1. Mouse T cell media.

Reagent Concentration Supplier

RPMI with L-glutamine and sodium bicarbonate - Sigma-Aldrich, 1640

Foetal bovine serum (FBS) 10% LabTech, FBS-Sa

L-glutamine 2 mM Sigma-Aldrich, G7513

Murine IL-2 100 U/ml Peprotech, 212-12
B-mercaptoethanol 50 uM Thermo Fisher Scientific, 31350010
Sodium pyruvate 1 mM Thermo Fisher Scientific, 11360070
Penicillin 100 U/ml Sigma-Aldrich, PO781

Streptomycin 0.1 mg/ml Sigma-Aldrich, P0781
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P815 mouse mastocytoma cells (ATCC, TIB-64) were used as target cells in cytotoxicity assays,
degranulation assays and for conjugate immunofluorescence staining. P815 cells were grown in
DMEM (Thermo Fisher Scientific, 41966052) supplemented with 10% FBS (LabTech, FBS-Sa),
100U/ml penicillin and 0.1 mg/ml streptomycin (Sigma-Aldrich, P0781), hereafter referred to as
target cell media. P815 used in the IncuCyte-based cytotoxicity assay were transduced with the
NucLight lentiviral vector by Katharina Strege, enabling mKate2 nuclear expression (Essen
Bioscience, 4625). NucLight-expressing P815 were grown in target cell media under 1 pg/ml
puromycin selection (Thermo Fisher Scientific, A1113803). Blue P815 used for conjugate
immunofluorescence were generated by Alex Ritter and Yukako Asano by retroviral transduction.
pMig-rThyl.1 was used stably express tagBFP2 fused to a farnesylation sequence (Farnesyl-5-
TagBFP2) to drive BFP2 expression on the P815 plasma membrane (Ritter et al., 2013). Blue P815

were grown in target cell media as indicated above.

2.3 Pharmacological treatments

Mitochondrial translation was inhibited by supplementing cell culture media with 100 nM-10
pg/ml doxycycline (Merck, D9891) or 50-500 pg/ml chloramphenicol (Sigma-Aldrich, R4408) as
indicated in the text for the entire duration of the killing and translation assays. CTLs used for
immunoblots were treated with 10 pg/ml doxycycline or 500 pg/ml chloramphenicol for 4h before
cell lysis. To monitor autophagic flux, CTLs were either left untreated or treated with 400 nM
bafilomycin A (Enzo Life Sciences, BML-CM110) for 4h at 37°C. The integrated stress response was
inhibited using 100 nM ISRIB (Sigma-Aldrich, SML0843) for the entire duration of killing and

translation assay as above, and for 4h in CTLs used for immunoblots.

Mitochondrial fission was inhibited using 10 pM mDIVI-1 (Sigma-Aldrich, 475856) and
mitochondrial fusion was promoted using 20 uM M1 (Sigma-Aldrich, 475859) as previously
described (Buck et al., 2016). CTLs were treated for 6h, 24h and 48h as indicated in the text. mDIVI-
1 and M1 were supplemented to the cell culture media for the entire duration of the killing and

translation assays.

38



2.4 Nucleofection procedure and plasmids

Primary CTLs were nucleofected using the 4D-Nucleofector System (Lonza). 5x10° CTLs were
resuspended in P3 Primary Cell Nucleofector™ Solution (Lonza, V4XP-3024) containing 5 pg of
plasmid DNA and they were nucleofected in the Nucleocuvette™ Vessel (Lonza, V4XP-3024) using
the primary mouse T cell programme. Post-nucleofection, cells were incubated for 4h at 37°C in
mouse T Cell Nucleofector™ Medium (Lonza, VZB-1001) supplemented with 10% FBS (LabTech,
FBS-Sa) and 2mM L-glutamine (Sigma-Aldrich, G7513) to promote recovery. CTLs were split after

4h in mouse T cell media and used for assays 16-24h after nucleofection, unless otherwise indicated.

CTLs were nucleofected with Lifeact-mApple for migration analysis via live cell microscopy.
Lifeact-mApple was a gift from Michael Davidson (Addgene, plasmid 54747). Mitophagy and
pexophagy were analysed via nucleofection with plasmids expressing the coral-derived protein
Keima targeted to either the mitochondrial inner membrane (mt-Keima) or to the peroxisome lumen
(Keima-SKL). The mt-Keima construct was originally a gift from Martin Bennet (University of
Cambridge), and it was cloned in the pEGFP-C1 vector in place of the EGFP tag by Christian
Gawden-Bone (University of Cambridge). The Keima-SKL construct was a kind gift from Sylvie
Urbé (University of Liverpool) (Marcassa ef al., 2018).

2.5 Analysis of T cell populations in murine splenocytes

Single cell suspension splenocytes (day 0 T cells, 1x10° cells/sample) were washed in FACS
buffer (PBS, 1% FBS) and surface markers were labelled using the following antibodies: 2.5 pg/ml
Alexa Fluor 488 a-CD4 (clone RM4-5) (BioLegend, 100532), 1 pg/ml Brilliant Violet 711 a-CD8
(clone 53-6.7) (BioLegend, 100748), 1 ug/ml APC a-CD44 (clone IM7) (BioLegend, 103012), 1
pg/ml PE a-CD62L (clone MEL-14) (eBioscience, 12-0621-81). Surface labelling was performed at
4°C for 30 min. CTLs were washed, then fixed and permeabilised using the Foxp3 nuclear staining
kit (Thermo Fisher Scientific, 00-5523-00) following the instructions provided by the manufacturer.
All samples were treated with 1 pg/ml FCR block (a-CD16/32) (BioLegend, 101302) for 5 min at
room temperature to block unspecific staining. Intracellular staining was performed using 1 pg/ml
eFluord50 o-FOXP3 (clone FIK-16s) (eBioscience, 48-5773-80) or 1 pg/ml Rat IgG2ak isotype
control (clone eBR2a) (Thermo Fisher Scientific, 48-4321-80) for 30 min at room temperature. Cells
were rinsed in permeabilization buffer and PBS and resuspended in PBS for analysis. Samples were
analysed on an Attune NxT Acousting Focusing Cytometer (Thermo Fisher Scientific) using the

Attune NxT Software (Invitrogen).
39



2.6 LDH cytotoxicity assays

P815 target cells and day 5 CTLs were resuspended in RPMI with no phenol red (Thermo Fisher
Scientific, 32404014) supplemented with 2% FBS (LabTech, FBS-Sa), 100 U/ml penicillin and 0.1
mg/ml streptomycin (Sigma-Aldrich, PO781) at 10° cells/ml (10* target cells per sample). P815 target
cells were coated with 0.5 pg/ml hamster a-mouse CD3¢ (clone eBio500A2) (eBioscience, 16-0033-
86) to allow for CTL killing by re-directed lysis. CTLs were resuspended in RPMI with no phenol
red (supplemented as described above) at 10° cells/ml. CTLs were serially diluted to test multiple
CTL to target ratios (25:1, 12.5:1, 6.25:1, 3.1:1, 1.5:1, 0.75:1 ratios, corresponding to 2.5x10°,
1.25x10°, 6.25x10%, 3.1x10%, 1.5x10* and 7.5x10° CTLs). CTLs were incubated with P815 targets for
2.5h. Target cell apoptosis resulted in the release of LDH in the cell culture media, which was
quantified by colorimetric measurement using the CytoTox 96 non-radioactive cytotoxicity assay
(Promega, G1780). Cell culture supernatant was mixed with substrate buffer and incubated at room
temperature for 30 min. LDH concentration was calculated by measuring absorbance at 490 nm with
a SpectraMax MS5 spectrophotometer (Molecular Devices) using the SoftMaxPro 5.4.1 software
(Molecular Devices). Percentage of target cell lysis was computed by assessing non-specific cell
death (P815 in culture media) and complete cell death (P815 incubated with lysis buffer) as reference

values.

2.7 IncuCyte® cytotoxicity assay

P815-NucLight were resuspended at 4x10* cells/ml (effector:target ratio=10:1) or 4x10°
cells/ml (effector:target ratio=1:1) cells/ml and incubated with 1 pg/ml hamster a-mouse CD3¢ (clone
eBio500A2) (eBioscience, 16-0033-86) to allow for CTL recognition by TCR crosslinking. 4x10?
(effector:target ratio=10:1) or 4x10* (effector:target ratio=1:1) target cells per sample were seeded in
an ultra-low attachment round-bottom 96-well plate (Corning, 7007) and pelleted by centrifugation.
Day 5 CTLs were resuspended at 4x10° cells/ml and 4x10* CTLs per sample were seeded on top of
target cells at the effector:target ratios indicated in the text. Samples were imaged using the
IncuCyte® S3 Live Cell Analysis System (Essen Bioscience). Vessels were scanned using a 4 X
objective lens in both the brightfield and red (excitation: 655 nm; emission: 681 nm) channels.
Analysis of IncuCyte® data was performed using the IncuCyte® S3 2018-2021 software (Essen
BioScience). Spheroid quantification in the red channel was set up using a top-hat segmentation

specifying particle radius and RCU threshold. High background was excluded by filtering on particles
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eccentricity and mean integrated intensity. Loss of red fluorescence intensity was used as an indicator

of target cell apoptosis.

2.8 Degranulation assay

P815 target cells were resuspended at 2x10° cells/ml in mouse T cell media and coated with 1
pg/ml hamster a-mouse CD3e (clone eBio500A2) (eBioscience, 16-0033-86) to induce TCR
crosslinking on CTLs. Day 5 CTLs were resuspended at 2x10° cells/ml in mouse T cell media. 2
pg/ml PE a-mouse CD107a (LAMP1) (BioLegend, 12-1071-83) was added to day 5 CTLs to label
lytic granule delivery to the plasma membrane. CTLs were either left unstimulated or stimulated with
0.5 pg/ml hamster a-mouse CD3¢ (clone eBi0500A2) (eBioscience, 16-0033-86)-coated P815. 2x10°
CTLs and targets were co-incubated for 2.5h at 37°C.

Surface staining was performed with 1 pg/ml a-CDS8 Brilliant Violet 711 (clone 53-6.7) (BioLegend,
100748) and 1:200 Zombie Yellow (BioLegend, 423103) for 20 min at 4°C. Samples were
resuspended in PBS and degranulation was quantified by measuring LAMP1 signal on cell surface

using an Attune NxT Acousting Focusing Cytometer (Life Technologies).

2.9 Calcium flux assay

Day 5 CTLs were resuspended at 10° cells/ml in mouse T cell media. 0.5-1x10° cells were
incubated with 1 pM INDO-1, AM (Thermo Fisher, 11223) for 30 min at 37°C. Surface staining was
performed by incubating the cells with 1 pg/ml APC a-mouse CD8 (clone 53-6.7), (BioLegend,
100712) and 5 pg/ml hamster a-mouse CD3¢ (clone eBio500A2) (eBioscience, 16-0033-86) for 15
min at RT. CTLs were resuspended in complete mouse T cell media and basal INDO-1 MFI was
recorded for 1 min. TCR crosslinking was achieved by adding 50 pg/ml goat a-hamster (Thermo
Fisher Scientific, 31115) to the sample and immediately recording subsequent calcium fluxes for up
to 5 min after stimulation. After Smin of INDO-1 fluorescence recording, 1 pg/ml ionomycin was

added to CTLs to measure maximal calcium flux for 2 min.

All data was acquired on an LSR Fortessa (Becton Dickinson) using the BD FACSDIVA software
(BD Biosciences). For ratiometric analysis, INDO-1 was excited at 355 nm and emission was
collected at 450 nm (Ca**-unbound) and at 379 nm (Ca**-bound). The MFI ratio (379/450 = Ca?*-

bound/ Ca*"-unbound) was plotted against time to display calcium flux.
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2.10 SDS-PAGE and immunoblotting

Cells were lysed in RIPA buffer (5S0mM Tris HCI pH 8.0, 150mM NacCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) at 2x10 cells/ml. Prior to loading on 4-12% Bis-Tris protein gel
(NuPAGE, NP0322BOX), lysates were denatured at 95°C for 5 min in NuPAGE 10X Sample
Reducing Agent (500mM DTT) (Thermo Fisher Scientific, NP0009) and NuPAGE 4X LDS Sample
Buffer, pH 8.4 (Thermo Fisher Scientific, NP0007). Samples run on 7.5% non-reducing gels were
mixed with 4X LDS Sample Buffer only and they were not boiled.

Reducing gels were run at 120 V constant voltage in NuPAGE MES running buffer (Thermo Fisher
Scientific, NP0002). Non-reducing gels were run at 100 V in Tris-Glycine running buffer (25mM
Tris, 192 mM glycine, 0.1% SDS). Reduced samples were transferred to an Amersham Protran 0.45
um nitrocellulose membrane (GE Healthcare Life science, 10600002) using a Power Blotter Semi-
Dry Transfer System (Thermo Fisher Scientific). Samples run on non-reducing 7.5% gels were
transferred in Novex Tris-Glycine Transfer Buffer (Thermo Fisher Scientific, LC3675) using a wet-

transfer system at 300 mA for 90 min.

Membranes were blocked in 5% milk powder or 5% BSA (as indicated by the antibody manufacturer)
for 45-60 min at room temperature before overnight incubation at 4°C with primary antibodies (Table
2.2). Membranes were washed in TBS + 0.1% Tween and then incubated for 1h at room temperature
with HRP-conjugated secondary antibodies (Table 2.2). HRP signal was detected using Amersham
ECL prime detection reagents (GE Healthcare, RPN2232) and a ChemiDoc MP Imaging System
(Bio-Rad). Images were acquired using Image Lab 4.1 (Bio-Rad). Western blot images were labelled
for presentation purposes using Illustrator 2020 (Adobe).
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Table 2.2. List of primary and secondary antibodies used for immunoblotting.

Target Species Supplier Dilution
Primary antibodies
B-actin (clone AC-15) Mouse Sigma-Aldrich, A1978 1:5000
Calnexin Rabbit Sigma-Aldrich, C4731 1:5000
Granzyme B Rabbit Abcam, ab4059 1:500
Perforin Rat Enzo Life Sciences, ALX-804-057-C100 | 1:500
TOM20 Mouse Abcam, ab56783 1:100
PMP70 Mouse Sigma-Aldrich, SAB4200181 1:1000
PEX16 Rabbit Atlas Antibodies, HPA043286 1:500
4EBP1 Rabbit Cell Signaling Technology, 9452S 1:500
Phospho-4EBP1 (Thr37/46) Rabbit Cell Signaling Technology, 9459S 1:500
elF2a Rabbit Cell Signaling Technology, 9722S 1:500
Phospho-elF2a (Ser51, clone D9GS) Rabbit Cell Signaling Technology, 3398S 1:500
Phospho-S6 (Ser240/244) Rabbit Cell Signaling Technology, 5364S 1:500
S6 ribosomal protein (clone 54D2) Rabbit Cell Signaling Technology, 2317S 1:500
ATF4 (clone D4BS) Rabbit Cell Signaling Technology, 11815S 1:500
PINK1 Rabbit Novus, BC100-494 1:500
PINK1 Rabbit Abcam, ab23707 1:500
Secondary antibodies
HRP o-rabbit Goat Thermo Fisher Scientific, A16110 1:10,000
HRP o-mouse Goat Thermo Fisher Scientific, A16078 1:10,000
HRP a-rat Goat Thermo Fisher Scientific, 31470 1:10,000
2.11 RNA extraction and real-time qPCR

Total RNA was extracted 5 days after stimulation from 5x10® CTLs using the RNeasy mini
kit (Qiagen, 74104) and QIAshredder columns (Qiagen, 79654) following manufacturer’s
instructions. RNA yield was quantified using NanoPore OneC spectrophotomer (Thermo Fisher
Scientific) and 100 ng per sample were used to synthesise cDNA using the Accuscript high fidelity
1% strand ¢cDNA synthesis kit (Agilent, 200820). Granzyme B and perforin gene expression was
measured using the TagMan Gene Expression Master Mix (Thermo Fisher Scientific, 4369016) and
the relevant qPCR probes (Thermo Fischer Scientific, 4331182) for mouse transcripts: granzyme B
(Mm00442837 ml), (MmO00812512 m1) and TATA-binding protein (7bp)
(MmO01277042_m1) as a control. Data was acquired using the 7500 Real-Time PCR System (Thermo

perforin

Fisher Scientific). mRNA abundance was quantified by calculating the Cr of the target of interest and

normalising it to 7hp (ACr).
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2.12 Measurement of mitochondrial mass, membrane potential and mtROS

Day 0 (splenocytes) and day 3, 5 and 7 CTLs were resuspended at 10° cells/ml in mouse T
cell media. 10° cells (splenocytes) and 10° CTLs (day 3-7 post-stimulation) per sample were stained
using 1:400 Zombie Yellow Fixable Viability Kit (BioLegend, 423103) and 1 pg/ml Brilliant Violet
711 a-mouse CD8a antibody (clone 53-6.7) (BioLegend, 100748) for 15 min at room temperature.
Cells were then incubated with 100 nM Mitotracker Green (Thermo Fisher Scientific, M7514) or
100nM MitoTracker Deep Red (Thermo Fisher Scientific, M22426) and 100 nM TMRE (Abcam,
ab113852) for 30 min at 37°C to label mitochondrial mass and membrane potential, respectively.
Samples were run on an LSR Fortessa (Becton Dickinson). All data was acquired using the BD

FACSDIVA software (BD Biosciences).

mtROS were measured in day 5 CTLs. Cells were resuspended at 10° cells/ml and 10° CTLs were
stained with 1 pg/ml Brilliant Violet 711 a-mouse CD8a antibody (clone 53-6.7) (BioLegend,
100748) for 15 min at room temperature. CTLs were then incubated with SuM MitoSOX (Thermo
Fisher Scientific, M36008) for 5 min at 37°C. Control samples were treated with 10uM antimycin A
during MitoSOX incubation. Cells were analysed on an Attune NxT Acousting Focusing Cytometer

(Thermo Fisher Scientific) using the Attune NxT Software (Invitrogen).

2.13 Immunofluorescence staining and samples imaging

For mitochondrial staining, day 5 CTLs were washed and resuspended at 1.5x10° cells/ml in
serum-free RPMI (Sigma-Aldrich, 1640) to promote adherence to multispot microscope slides
(Hendley-Essex, PH005). 4.5x10* CTLs per well were incubated at 37°C for 10 min. For TOM20 and
PDH staining, cells were fixed with 5% paraformaldehyde (PFA) (Electron Microscopy Sciences,
3025-89-4) for 15 min at 37°C. All steps after fixation were performed at room temperature. Excess
PFA was quenched in 50mM ammonium chloride and cells were permeabilized for 10 min in either
0.1% Triton X-100 (Sigma-Aldrich, T878) for PDH staining, or 0.1% saponin (Sigma-Aldrich,
S7900) for TOM20 staining. For catalase staining, cells were fixed and permeabilised in methanol
for 5 min at -20°C. Non-specific antibody binding was minimized using 1% BSA as a blocking agent
(Sigma-Aldrich, A7906) for PDH and catalase staining, or 1% BSA + 0.1% saponin for TOM20
staining. The outer mitochondrial membrane (TOM20), inner mitochondrial matrix (PDH), and
peroxisomes (catalase) were labelled by incubating samples with primary antibodies (Table 2.3) for
2h at room temperature. Cells were then incubated with fluorescently conjugated secondary

antibodies (Table 2.3) for 1h at room temperature. Samples were washed in PBS containing 1:10,000
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Hoechst 33342 (Thermo Fisher Scientific, H3570) and mounted in ProLong Diamond Antifade
Mounting medium (Thermo Fisher Scientific, P36961) using 22x64 mm No.1.5 cover slips (Scientific
Laboratory Supplies LTD., MIC3248).

Conjugate formation was achieved by washing day 5 CTLs and BFP2-expressing P815 target cells in
serum-free RPMI (Sigma-Aldrich, 1640) and resuspending cells at 2x10° cells/ml. Target cells were
coated with 1 pg/ml a-CD3¢ (clone eBio500A2) (eBioscience, 16-0033-86). CTLs and P815 were
then mixed at a 1:1 ratio (final concentration=10° cells/ml) and incubated on multisport microscope
slides for 20 min at 37°C (3x10* CTLs and 3x10* target cells per well). Cells were supplemented with
complete mouse T cell media after settling to prevent side-effects due to starvation. Samples were
then mixed and permeabilised in methanol for 5 min at -20°C. Non-specific staining was minimised
by blocking in 1% BSA. Cells were incubated for 2h at room temperature with primary antibodies
against LAMP1, y-tubulin and CD8 (Table 2.3). Secondary antibody staining was performed at room

temperature for 1h (Table 2.3). Samples were mounted as described above.

Mitochondria were imaged on a Laser Scanning Microscope 880 (Zeiss) using the Zen Black software
(Zeiss) for image acquisition of mitochondrial structures. Increased spatial resolution and decreased
signal-to-noise ratio were achieved through Airyscan mode image acquisition and processing using
the Zen Black software. Fluorophores were excited at 405, 488, and 561 nm and single planes were
imaged for each sample using a 63 X objective. Peroxisomes and conjugate formation were imaged
as a z-stack at 0.5 pm intervals using an Andor Revolution spinning disk microscope (Andor
Technology, Oxford instruments). Fluorophores were excited at 405, 488, 561 and 633 nm. Z-stacks

were imaged for each sample using a 63 X or 100 X objective.

Table 2.3. List of primary and secondary antibodies used for immunofluorescence.

Target Species Supplier Dilution

Primary antibodies

TOM20 Mouse Abcam, ab56783 1:100
PDH Mouse Abcam, ab110330 1:2000
y-tubulin Rabbit Sigma-Aldrich, T5192 1:1000
LAMP1 (clone 1D4B) Rat Supernatant (laboratory stock) 1:100
Alexa Fluor 488-conjugated a-CD8a Mouse eBioscience, 53-0081-82 1:100
Catalase Mouse Abcam, ab16771 1:400

Secondary antibodies
Alexa Fluor 546 a-mouse Goat Thermo Fisher Scientific, A-11030 1:400
Alexa Fluor 633 a-rabbit Donkey Thermo Fisher Scientific, A-21071 1:400
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2.14 Live cell microscopy and quantitation of cell migration, mitophagy and

pexophagy

For all live imaging experiments, 3.5 cm dishes (MatTek) were coated with 0.5 pg/mL
recombinant mouse ICAM-1/CD45 Fc chimera protein (R&D Systems, 796-IC) overnight at 4°C to
promote CTL adherence. On the day of the assay, cells were resuspended at 1.5x10° cells/ml in CO»-
independent media with no phenol red (Gibco, 18045-054) supplemented with 10% FBS (LabTech,
FBS-SA) and 2mM L-glutamine (Sigma-Aldrich, G7513). 2x10° CTLs per sample were transferred
to the dish and allowed to settle for 10 min. Single planes were imaged for 5 min using a 63 X
objective. All data was acquired with a Laser Scanning Microscope 780 (Zeiss) using the Zen Black

software (Zeiss).

5x10% CTLs were nucleofected with 5 ug mt-Keima on day 4 post-stimulation and imaged on
day 5 post-stimulation for mitophagy analysis. Pexophagy was detected by nucleofecting 5x10° CTLs
with 5 pg Keima-SKL on day 4 and 6 post-stimulation and by imaging samples on day 5 and 7,
respectively. Mitophagy and pexophagy events were detected by exciting the Keima probe with either
a 488 nm laser (optimal excitation at pH=8) or a 561 nm laser (optimal excitation at pH=4.5). Keima
fluorescence was assessed by using the Imaris spot tracking function to filter mitochondria (mt-
Keima) and peroxisome (Keima-SKL) signal. The median fluorescence intensity (MFI) was then
calculated for each object, and spots were defined as “red” if the red channel MFI was more than two-
folds higher than the green channel MFI. The percentage of red spots per image was quantified to
display percentage of mitophagy (mt-Keima) and pexophagy (Keima-SKL) events.

Cell migration was quantified in day 5 CTLs. 5x10° day 4 CTLs were nucleofected with 5 pg Lifeact-
mApple and stained on the day of the assay (day 5 post-stimulation) with 1:50,000 Hoechst (5 min,
room temperature) to label cell nuclei. Lifeact-mApple signal was detected using the 561 nm laser,
while Hoechst signal was detected using the 405 nm laser. The speed of CTL migration was quantified
using ImageJ v1.52 (NIH). The TrackMate plugin was used to filter nuclei of live cells to track their
motion as an indicator of cell migration. The average track speed was then exported for each cell and

plotted to display CTL migration speed.
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2.15 Sample preparation and processing for transmission electron microscopy

For TEM experiments, day 4 CD8" T cells were FACS sorted by labelling with 1:400 Zombie
Aqua (BioLegend, 423102) and 1 ug/ml APC a-mouse CD8, (BioLegend, 100712) then incubated at
37°C in 10% COz for 16-24h to promote recovery after sorting. Day 5 CTLs were washed in serum-
free RPMI (Sigma-Aldrich, 1640), and plated onto 4-well plastic tissue culture plates (Nunc) at 1-
2x10° cells/well. Samples were incubated 37°C for 20 min to allow cells to adhere to the plates, then
fixed in 2% PFA (Electron Microscopy Sciences, 15710-S) / 1.5% glutaraldehyde (Agar Scientific)
and, after washing, post-fixed in 1% osmium then 0.5% uranyl acetate after which the samples were
processed for EPON embedding as previously described (Jenkins et al., 2009). Thin sections (60-80
nm) were post-stained with lead citrate and imaged using a FEI Tecnai G2 Spirit BioTWIN
transmission EM (Eindhoven) with a Gatan 4K US1000 CCD camera and FEI TIA software. For
quantitation studies, images were collected of every individual cell profile within 4-5 grid squares of
a single section for each WT and KO CTL sample. Mitochondrial phenotype was analysed in128 WT
and 154 KO cells and scored as follows: “none” (no mitochondria), “normal” (normal mitochondria)
and “disrupted” (mitochondria with disrupted cristae), All phenotypes refer to mitochondrial
morphology as observed in a single cell profile. Lytic granule number and cross-sectional area was
analysed in 139 WT and164 KO cell profiles, with the Photoshop lasso tool (Adobe) used to calculate
granule cross sectional area (nm?). Cell profiles were scored for markers of sectioning plane to ensure

a similar range of cell section depths was sampled for both CTL populations.

2.16 Seahorse Mito Stress Assay

Analysis of mitochondrial respiration and glycolytic rate was performed using a Seahorse
XFe96 extracellular flux analyser with a Seahorse XF Cell Mito Stress Test Kit (Agilent, 103015-
100) following manufacturer’s instructions. The Seahorse XFe96 FluxPak cartridge (Agilent,
102416-100) was hydrated with distilled water overnight at 37°C (no COz) and equilibrated for 1h on
the day of the assay in Seahorse XF Calibrant solution (Agilent, 103059-000). Vessels were pre-
coated with 22.4 pg/ml Cell-Tak (Corning, 354240) for 20 min at 37°C to ensure continued CTL
adhesion on the plate during the assay. Day 5 CTLs were resuspended at 1.6x10° cells/ml in DMEM
media (Sigma-Aldrich D5030), which was supplemented with 10 mM glucose (Thermo Fisher
Scientific, A2494001), 1 mM sodium pyruvate (Thermo Fisher Scientific, 11360070) and 2 mM L-
glutamine (Sigma-Aldrich, G7513) and pH was adjusted to 7.4 using a SevenEasy pH meter (Mettler
Toledo). 3x10° CTLs were seeded in each well of the XFe96 FluxPak plate. 1 uM oligomycin A
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(Sigma-Aldrich, 75351), 1 uM FCCP (Sigma-Aldrich, C2920) and 0.5 uM rotenone (Sigma-Aldrich,
R8875) mixed with 0.5 uM antimycin A (Sigma-Aldrich, A8674) were loaded to test oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) at the indicated time points.

Seahorse data was collected using Wave Controller 2.6 (Agilent).

2.17 ATP assay

Intracellular ATP concentration was measured using the ATP Determination Kit (Thermo
Fisher Scientific, A22066). 5x10% day 5 post-stimulation CTLs were either left unstimulated or
stimulated on 2 pg/ml plate-bound a-CD3¢ (clone eBio500A2) (eBioscience, 16-0033-86) for 4.5h at
37°C in 10% COa. CTL culture media was supplemented with 25 uM oligomycin (Sigma-Aldrich,
75351) and 100 mM 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich, D6134) to respectively distinguish
mitochondria-derived ATP and glycolysis-derived ATP. 2x10% CTLs per sample were counted and
washed in ice-cold PBS and lysed by boiling in distilled water at 90°C for 5 min as previously
described (Garewal et al., 1986). Samples were centrifuged to clear supernatant (14,000rpm, 10 min,
4°C). ATP standards and ATP reaction buffer were prepared as indicated by manufacturer, and ATP
concentration was quantified by measuring luminescence at 560 nm using a SpectraMax M5

spectrophotometer (Molecular Devices) and the SoftMaxPro 5.4.1 software (Molecular Devices).

2.18 HPG protein synthesis assay

Protein synthesis was assayed using the Click-iT HPG Alexa Fluor 488 Protein Synthesis
Assay Kit (Thermo Fisher Scientific, C10428). Day 5 CTLs were washed and resuspended at 2x10°
cells/ml in methionine-free RPMI (Thermo Fisher Scientific, A1451701) enriched with the same
supplements as complete mouse T cell media (Table 2.1). CTLs were deprived of methionine via
incubation in methionine-free RPMI, supplemented as indicated above, for 30 min at 37°C. The rate
of protein peptide synthesis was monitored by adding 100 uM Click-IT L-homoproparglycine (HPG)
(Thermo Fisher Technologies, C10186) to the culture media. 100 pg/ml cycloheximide (Sigma-
Aldrich, C4859) was added to control samples to inhibit cytosolic translation in the presence of
100uM HPG. 2x10° CTLs were seeded on uncoated plate or on a plate coated with 2 pg/ml a-CD3e
(clone eB10500A2) (eBioscience, 16-0033-86) and incubated at 37°C for the indicated time (1-4.5h)

to allow for HPG incorporation.
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Cell surface staining was performed with 1:400 Zombie Violet Fixable Viability Kit (BioLegend,
423114) and 1 pg/ml Brilliant Violet 711 a-mouse CD8a antibody (clone 53-6.7) (BioLegend,
100748) for 20 min at 4°C. Samples were fixed in 3.7% PFA (Electron Microscopy Sciences, 15710-
S) for 15 min at room temperature. Cells were then washed in 3% BSA (Sigma-Aldrich, A7906) and
permeabilised in 0.5% Triton X-100 (Sigma-Aldrich, T8787). Samples were washed in 3% BSA
again before HPG labelling through click-chemistry using azide-conjugated Alexa-Fluor 488 as
indicated in manufacturer’s protocol. Upon staining completion, cells were washed in rinse buffer
(provided by the manufacturer) and resuspended in PBS. Samples were analysed on an Attune NxT
Acousting Focusing Cytometer (Thermo Fisher Scientific) using the Attune NxT Software

(Invitrogen).

Mitochondrial protein synthesis was assayed by washing and incubating 10° day 5 post-activation
CTLs in methionine-free RPMI supplemented as above, with the exception of FBS, which was
dialysed against PBS (cellulose dialysis tubing: MWCO 8 kDa; Thermo Fisher, D104) to further
remove any additional source of methionine. CTLs were incubated at 10° cells/ml in methionine-free
media for 30 min at 37°C, then 100 pg/ml cycloheximide (Sigma-Aldrich, C4859) was added to all
samples to inhibit cytosolic ribosomes. 100 pM Click-IT L-homoproparglycine (HPG) (Thermo
Fisher Technologies, C10186) was supplemented for 1-1.5h at 37°C to label mitochondrial protein

synthesis.

CTLs were then washed in serum-free RPMI (Sigma-Aldrich, 1640) and allowed to adhere to slides
at 37°C in 10% COz for 10-15 min (3x10* CTLs/well) before fixation with 3.7% paraformaldehyde
(PFA) (Electron Microscopy Sciences, 15710-S) for 15 min at 37°C. Cells were permeabilized for 20
min in 0.5% Triton X-100 (Sigma-Aldrich, T8787) and HPG was labelled through click-chemistry
using azide-conjugated Alexa-Fluor 488 (Thermo Fisher Scientific, C10428). Samples were then
washed in PBS and mitochondria were labelled using 1 pg/ml mouse a-mouse PDH (Abcam,
ab110330) (2h, room temperature) and 5 pg/ml goat a-mouse 546 Alexa Fluor secondary antibody
(Thermo Fisher Scientific, A-11030) for 1h at room temperature. Nuclei staining was performed using
1:50,000 Hoechst 33342 (Thermo Fisher Scientific, H3570) and samples were mounted in ProLong
Diamond Antifade Mounting medium (Life Technologies, P36961).

2.19 Intracellular cytokine staining

Day 5 CTLs were washed and resuspended at 2x10° cells/ml in mouse T cell media. 2x10°

CTLs per sample were either left unstimulated or stimulated on 2 pg/ml a-CD3e-coated plates (clone
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eBi0500A2) (eBioscience, 16-0033-86) for 4.5h. Golgi stop (BD Biosciences, 554714) was added to
cell culture media to prevent secretion and investigate total cytokine production. After incubation the
cell culture media was removed and CTLs were washed in PBS at 4°C, then stained using 1:400
Zombie Violet Fixable Viability Kit (BioLegend, 423114) and 1 pg/ml Brilliant Violet 711 a-mouse
CD8a antibody (clone 53-6.7) (BioLegend, 100748) for 20 min at 4°C. After washing in FACS buffer
(PBS, 1% FBS), samples were fixed and permeabilised using the Foxp3 nuclear staining kit (Thermo
Fisher Scientific, 00-5523-00) as indicated in the manufacturer’s protocol. All samples were treated
with 1 pg/ml FCR block (a-CD16/32) (BioLegend, 101302) for 5 min at room temperature to block
unspecific staining. Intracellular staining was performed using 1 pg/ml PE o-IFNy (clone XMG1.2)
(BioLegend, 505808) and 1 pg/ml Alexa Fluor 488 a-TNFa (clone MP6-XT22) (BioLegend, 506313)
for 30 min at room temperature. Control samples were intracellularly labelled with 2 pg/ml Alexa
Fluor PE IgGl1 (clone EBRG1) (eBioscience, 12-4301-81) and 5 pg/ml Alexa Fluor 488 IgG1xk (clone
RTK2071) (BioLegend, 400417) as isotype controls. Cells were rinsed in permeabilization buffer and
PBS and resuspended in PBS for analysis. Samples were analysed on an Attune NxT Acousting

Focusing Cytometer (Thermo Fisher Scientific) using the Attune NxT Software (Invitrogen).

2.20 CyTOF sample processing and analysis

Staining for CyTOF sample processing was performed using MaxPar reagents (Fluidigm).
Day 5-7 post-stimulation CTLs were resuspended at 10° cells/ml incubated with 5 pM Cell-ID
Cisplatin (Fluidigm, 201064) for 5 min at 37°C in 10% COz to discriminate live cells. CTLs were
either left unstimulated or stimulated on 1 pug/ml a-CD3¢ (clone 145-2C11) (BD Biosciences,
553058) for 1h at 37°C (1.6x10° cells/sample). Samples were fixed for 10 min at room temperature
in Maxpar Fix I Buffer (Fluidigm, 201065) and barcoded using the Cell-ID 20-Plex Pd Barcoding Kit
(Fluidigm, 201060) before being pooled for staining (9.6x10° cells/pooled sample). Unspecific
labelling was blocked with FCR blocking reagent (clone 93) (Biolegend, 101302) ahead of staining
with metal-conjugated surface antibodies (Table 2.4). Intracellular staining with metal-conjugated
antibodies was performed after methanol permeabilisation (Table 2.4). All antibodies were diluted
in Maxpar Cell Staining Buffer (Fluidigm, 201068). CTLs were fixed with 1.6% PFA (Electron
Microscopy Sciences, 15710-S) and stained overnight with 125 nM Cell-ID Intercalator-Ir (Fluidigm,
201192B) in Maxpar Fix and Perm Buffer (Fluidigm, 201067). All samples were analysed on a Helios
CyTOF system (Fluidigm). Data normalisation and de-barcoding was performed using the Fluidigm

CyTOF software.
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Table 2.4. List of antibodies used for mass cytometry.

Supplier C.uston.l Label Target Antibody | Working concentration
conjugation clone (ng/nl)
Surface staining
Fluidigm 0 89Y CD45 30-F11 5
Fluidigm 0 146Nd CD8a 53-6.7 1
Fluidigm 0 150Nd CD44 M7 0.75
Fluidigm 0 151Eu CD25 3C7 5
Fluidigm 0 169Tm TCRp H57-597 1.5
Fluidigm 0 143Nd CD69 HI1.2F3 2
Intracellular staining — Phosphosignalling nodes
Fluidigm 0 147Sm pSTATS [Y694] 47 2.5
Fluidigm 152Sm pAKT [S473] D9E 2.5
Fluidigm 156 Gd pSLP76 [Y128] J141- 2.5
668.36.58
Fluidigm 0 162Dy pLCK [Y505] 4/LCK- 2
Y505
Fluidigm 0 164Dy IkBa L35A5 1.25
CST 1 165 Ho pPLCy1 [Y783] D6M9S 5
Custom
Fluidigm 167Er pERK 1/2 [T202/Y204] DI13.144E | 5
Fluidigm 171Yb pZAP70[Y319]/Syk [Y352] 17a 1
Fluidigm 175Lu pS6 [S235/S236] N7-548 2
Intracellular staining - Total protein
CST 1 149 Sm ERK1/2 137F5 5
Custom
CST 1 153 Eu S6 54D2 2.5
Custom
Merck 1 154 Sm Lck 3AS 10
Millipore
Novus 1 158 Gd PLCyl 3HICI10 5
Thermo 1 159 Tb ZAP70 1E7.2 5
Fisher
Scientific
Biolegend 1 170 Er SLP76 H76 10
Thermo 1 173 Yb Stat 5 STS-8F7 10
Fisher
Scientific
CST 1 176 Yb AKT C67E7 5
Custom
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221 Mass spectrometry processing and analysis

CTLs (5 days post-activation) were resuspended at 10° cells/ml in mouse T cell media and
either left unstimulated or stimulated with 2 pg/ml a-CD3e (clone eBio500A2) (eBioscience, 16-
0033-86) for 4.5h at 37°C. Cytosolic translation was inhibited where indicated by supplementing the
cell culture media of stimulated samples (4.5h a-CD3) with 100 pg/ml cycloheximide (Sigma,
C4859). Doxycyline-treated CTLs were incubated in the presence of 10 pg/ml doxycycline for 4-
4.5h. Samples were prepared for mass spectrometry analysis by counting 5x10® CTLs per sample,

washing cells twice in ice-cold PBS and flash-freezing samples on dry-ice.

Cell pellets were lysed by agitating samples at room temperature for 5 min in 5% SDS, 50 mM TEAB
pH 8.5, 10 mM TCEP, and protein concentration was determined after boiling and sonification using
the EZQ protein quantification kit (Invitrogen, R33200) following the manufacturer’s instructions.
Lysates alkylation was performed in 20 mM iodoacetamide for 1h, with subsequent protein clean up
using the S-Trap method (Protifi) as previously described (Zougman et al., 2014). Quantitation of
peptide concentration was performed using the CBQCA protein quantitation kit (Invitrogen, C6667).

Samples were vacuum-dried then dissolved in 5% formic acid ahead of LC-ES-MS/MS analysis.

2 ug peptide/sample were analysed for WT/KO and CHX-treated samples. Samples were injected
onto a nanoscale C18 reverse-phase chromatography system (UltiMate 3000 RSLC nano, Thermo
Fischer Scientific), electrosprayed into an Q Exactive HF-X Mass Spectrometer (Thermo Fischer
Scientific) and loaded on a trap column (Thermo Fischer Scientific, 100 um x 2 cm, PepMap
nanoViper C18 column, 5 pm, 100 A) at 15 pL/min, and equilibrated in 0.1% trifluoroacetic acid.
The column was kept at constant temperature (50°C) and utilised as follows: after washing the trap
column in TFA and switching to a resolving C18 column (75 umx*50 cm, PepMap RSLC C18 column,
2 um, 100A), the peptides were eluted at a constant flow rate (300 nl/min) with an increasing gradient
of 80% acetonitrile and 0.1% formic acid in Milli-Q water (v/v). The column was then washed, re-

equilibrated and used to run two blanks in-between each experimental sample to avoid carry over.

Data acquisition was performed using an easy spray source (positive mode, 1.9 kV, capillary
temperature=250°C, funnel RF=60) in a data-independent acquisition (DIA) mode as previously
reported (Muntel et al., 2019) with the following modifications. Full mass spectrometry survey scan
(m/z range=350-1650, maximum ion injection time=20 ms, resolution=120,000, automatic gain
control=5x10%) was followed by MS/MS DIA scan (default charge state=3, resolution=30.000,

maximum ion injection time=55 ms, AGC=3x10°, stepped normalized collision energy=25.5, 27,30,
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fixed first mass=200 m/z). Profile mode acquisition was used for both MS and MS/MS scans. Mass

accuracy was checked for all samples.

Samples were analysed as described in the previous paragraphs for doxycycline treated samples
except for the following differences: 1.5 pg peptide was injected per sample, analysis was performed
on Orbitrap Exploris 480 Mass Spectrometer (Thermo Fisher Scientific), sample were loaded at 10
puL/min onto trap column and the easy spray source operated in positive mode with spray voltage at

2.445 kV, and the ion transfer tube temperature at 250°C.

The Spectronaut 14 software (Bruderer et al., 2015) was used for data processing using the directDIA
settings with the following adjustments: cleavage rules=Trypsin/P, peptide maximum length=52
amino acids, peptide minimum length=7 amino acids, missed cleavages=2, calibration
mode=automatic. Modifications included in the search criteria were carbamidomethylation of
cysteine (fixed modification), and oxidation of methionine, deamidation of asparagine and glutamine
and acetylation (protein N-terminus) (variable modifications). The false discovery rate (FDR)
threshold was set to 1% (Q-value) for both the Precursor and Protein level data. The single hit
definition was to stripped sequence. Mass spectrometry DIA data was searched against the July 2019
Uniprot database release, which includes manually annotated mouse SwissProt entries, mouse
TrEMBL entries (protein level evidence available) and manually annotated homologues from the
human SwissProt database, as previously described (Marchingo et al., 2020). Additional parameters
included the following: major group quantity=sum of peptide quantity, minor group quantity=sum of
precursor quantity, cross run normalization=disabled. The Template Correlation Profiling setting

was switched on.

Protein copy number quantification was performed using Perseus, version 1.6.6.0. The proteomics
ruler plugin was used to calculate mean copy number/cell, as previously described (Wisniewski et
al., 2014). All mass spectrometry data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository (Perez-Riverol et al., 2019). Dataset identifiers: PXD021508 (Usp30™
, cycloheximide), PXD026948 (doxycycline).
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2.22 CRISPR/Cas9-mediated gene knockouts

The CRISPR/Cas9 system was used for gene deletion as previously described (Jinek et al.,
2012). TrueCut Cas9 Protein v2 (Thermo Fisher, A36499), tracrRNA (Dharmacon, U-002005) and
either non-targeting crRNA (Dharmacon, U-007501-01) or 3 guide crRNA per gene (Dharmacon, see
Table 2.5) were mixed at a 1:1:1 ratio in Nucleofector Solution (Lonza, V4XP-3024) (total
volume=100 pl). 5x10° day 0 CD8" T cells or day 2-4 post-stimulation CTLs (as indicated in the text)
were resuspended in the solution mix and nucleofected in a nucleocuvette (Lonza, V4XP-3024) using
the unstimulated mouse T cell programme on the Amaxa 4D-Nucleofector (Lonza). Cells were
transferred to pre-warmed Mouse T Cell Nucleofector Medium (Lonza, VZB-1001) and incubated
for 4h at 37°C before splitting in mouse T cell media (Table 2.1). CRISPR components were removed

the following day by centrifugation. Protein expression was assessed 4 days after nucleofection unless

otherwise indicated.

Table 2.5. List of Dharmacon crRNA guides for CRISPR/Cas9-mediated gene knockouts.

Gene target Catalogue number
Atf4 CM-042737-01-0002, CM-042737-02-0002, CM-042737-03-0002
Mcu CM-062849-01-0005, CM-062849-02-0005, CM-062849-03-0005
Pex16 CM-052798-01-0002, CM-052798-02-0002, CM-052798-03-0002
Gtpbp10 CM-054341-01-0002, CM-054341-02-0002, CM-054341-04-0002
Ftsj2/Mrm2 CM-046522-01-0002, CM-046522-02-0002, CM-046522-03-0002
Rnmtll/Mrm3 CM-049414-01-0002, CM-049414-02-0002, CM-049414-03-0002
Sle8b1/NelX CM-065138-01-0002, CM-065138-02-0002, CM-065138-03-0002
Gfinl CM-052774-01-0002, CM-052774-02-0002, CM-052774-03-0002
Mrps16 CM-044973-01-0002, CM-044973-02-0002, CM-044973-03-0002
Mrps22 CM-046221-01-0002, CM-046221-02-0002, CM-046221-03-0002
Mrpl49 CM-050402-01-0002, CM-050402-02-0002, CM-050402-03-0002
Mrpl48 CM-054957-01-0002, CM-054957-02-0002, CM-054957-03-0002
Mrps35 CM-053467-01-0002, CM-053467-02-0002, CM-053467-03-0002
Mrpl28 CM-044386-01-0002, CM-044386-02-0002, CM-044386-03-0002
Mrpl37 CM-046399-01-0002, CM-046399-02-0002, CM-046399-03-0002
Mrpli2 CM-054164-03-0002, CM-054164-03-0002, CM-054164-03-0002
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2.23 Data acquisition and analysis

All flow cytometry data was acquired using the BD FACSDIVA software (BD Biosciences)
or the Attune NxT software (Thermo Fisher Scientific) and analysed using FlowJo v10. MFI refers
to mean fluorescence intensity of the fluorophore specified in the text. Microscopy images were
analysed using the Imaris 9 software (Bitplane). Student’s t-test was used to determine statistical
significance as indicated in the figure legends. Graphs were generated using Prism 8 (GraphPad

Software).

For mass spectrometry data, copy number values were used to calculate fold change (FC). P values
were calculated using a two-tailed paired Students’ t-test and applying a false discovery rate (FDR)
correction based on the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Analysis was
performed in Excel (Microsoft) and RStudio (R Studio Team). Copy number values were displayed
as a heat map using Morpheus (Broad), while pie charts indicating cellular compartments were
visualised using Prism 8 (GraphPad). Volcano plots were generated by plotting fold change and p
values for all peptides on Tableau Interactive Dashboard 2020-2021 (Tableau) and highlighting FDR

based on the Benjamini-Hochberg method or protein class and localisation as detailed below.

Protein cellular localisation was manually curated based on UniProt annotations

(https://www.uniprot.org/) and KEGG terms. Mass contribution of proteins (g/cell) was calculated as

(protein copy number/cell) * (molecular weight(Daltons))/(Avogadro’s constant). Percentage of
mitochondrial protein content of mitochondrial ribosomes was calculated by defining total
mitochondrial proteins as the proteins from in the Mouse MitoCarta 2.0 database (Calvo et al., 2016)
and mitochondrial ribosomal proteins on the protein description terms “ribosomal protein” and
“mitochondrial”. Cytosolic ribosomal proteins were defined by the KEGG term “ribosome”.
Moonlighting metabolic enzymes were labelled based on their ability to bind RNA, as previously
reported (Beckmann et al., 2015; Castello et al., 2015; Ciesla, 2006; Garcin, 2019; Turner and Diaz-
Munoz, 2018).

For gene ontology (GO) enrichment analysis, values for FC and FDR correction were compared for
proteins detected in the mass spectrometry of both KO vs WT and DOX-treated vs untreated CTLs
(all unstimulated). GO enrichment (http://geneontology.org/) (Ashburner et al., 2000; Gene

Ontology, 2021) was analysed by detecting overrepresented “biological process” in the list of

commonly downregulated proteins in KO and DOX-treated CTLs with FDR<10%.
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CHAPTER 3

Analysis of Usp30~~ CTLs: impaired cytosolic translation prevents

synthesis of cytolytic proteins and sustained killing
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3.1 Background

The Usp307~ mice were identified as part of the Infection, Immunity and Immunophenotyping
(31) project, which aimed to characterise genes with previously unknown immune cell functions

(https://www.immunophenotype.org/). This screen highlighted USP30 as a potential regulator of

CTL killing, with no effect on viability or development of the mice (Abeler-Dorner et al., 2020).
USP30 is a transmembrane deubiquitinase localised on the OMM and on the peroxisomal membrane,
where it inhibits mitophagy and pexophagy by counteracting PINK1/PARKIN and PEX2-mediated
ubiquitination (Bingol et al., 2014; Marcassa et al., 2018; Nakamura and Hirose, 2008; Riccio et al.,
2019). Lack of USP30 is associated with increased mitochondrial and peroxisomal degradation. The
role of USP30 in the immune system, and specifically its role in mediating cytotoxicity in CTLs, is

currently unknown.

3.2 Loss of USP30 does not impair T cell development

Impairment of mitochondrial function is linked to defects in T cell development in the thymus
and in peripheral tissues (Corrado et al., 2021; Ramstead et al., 2020; Sena et al., 2013; Simula et al.,
2018). To examine whether loss of USP30 affected T cell development, I characterised splenocyte
populations in wild-type (WT) and Usp30~- mice (Figure 3.1). WT and Usp30~- mice were generated
by crossing heterozygous Usp30™~ mice (C57BL/6N background). The derived WT and Usp30~~ mice
were housed and bred separately in a SPF facility. Genotyping was carried out routinely by the facility
personnel on newly weaned animals. Splenocyte populations were characterised in 10-25 weeks old
male and female mice (three per genotype). WT and Usp30~~ mice were age- and gender-matched for

all experiments.

Antibodies against the transmembrane proteins CD4 and CD8 were used to characterise the
prevalence of these two T cell populations in the spleen. CD44 expression was used as an indicator
of T cell activation (Ponta et al., 2003) and CD62L was used as a marker of increased T cell homing,
which inversely correlates with activation (Jung et al., 1988). Detection of CD44 and CD62L surface
markers allowed the identification of naive (CD44°%, CD62L"e") central memory (CD44M"eh
CD62L"e") and effector memory (CD44"eh CD62LY) T cell populations.
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Figure 3.1. Analysis of WT and Usp30~ splenocytes.

(A) CD4%/CD8" ratio in WT and Usp30” splenocytes. (B) CD4" and CD8" naive (CD62L"¢" CD44°"), central
memory (CD62L"e" CD44"e") and effector memory (CD62L!'Y, CD44"e¢") T cell populations in WT and Usp30~
splenocytes. (C) Regulatory T cells (CD4*, FOXP3*) in WT and Usp30~ splenocytes. (D-H) Quantitation of (D)
CD4", (E) regulatory T cells, (F) CD8", (G) total CD4" and (H) CD8" populations (naive, central memory, effector
memory). Plots show the average of three biological replicates (10° splenocytes per sample) £SD. ns = not significant
(two-tailed paired Student’s t-test).
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Lack of USP30 did not alter in the proportions of CD4" and CD8" T cells in the spleen (Figure 3.1).
On average, the percentage of CD4" and CD8" T cells was 15% and 9% in WT and 18% and 10% in
Usp30~- splenocytes. The percentage of regulatory T cells (CD4* FOXP3") was 18% and 17% in WT
and Usp307-, respectively. Naive, central memory and effector memory T cells were also not affected
in Usp307- splenocytes compared to their WT counterparts. Within the CD4" populations, 51% were
naive, 9% central memory and 35% effector memory T cells in the WT, while 59%, 9% and 27%
were respectively naive, central memory and effector memory in Usp30” T cells. The CD8*
population was made of 73% naive, 14% central memory and 3% effector memory T cells in WT
splenocytes and 77%, 12% and 3% naive, central memory and effector memory T cells in Usp30-".
None of the observed variations were statistically significant. Overall, T cell development and

differentiation in murine splenocytes was not affected by the lack of USP30.

I next asked whether there were any differences in T cell differentiation after in vitro activation of
naive Usp30” or WT T cells. Naive T cells were activated by TCR and co-stimulatory receptor
stimulation, mimicked by plate-bound a-CD3 and a-CD28 antibodies (Figure 3.2A). Expression of
CD44, CD62L and CD25 was used as a marker of T cell activation. CD25 (IL-2 receptor chain a)
promotes uptake of the stimulatory cytokine IL-2, which induces proliferation in activated T cells
(Meuer et al., 1984). I labelled CD8" T cells on day 0 (unstimulated splenocytes), 3, 5 and 7 post-
stimulation and followed the surface expression of these activation markers by flow cytometry
(Figure 3.2 B-G). The increase in CD44 and CD25 was comparable in WT and Usp30’ CTLs,
demonstrating that Usp30~ could upregulate the expression of markers consistent with normal T cell
activation (Figure 3.2B, E). Notably, while CD62L expression decreased upon stimulation in both
samples, a percentage of Usp30~- CTLs retained high CD62L signal on day 5 and 7 after stimulation
(Figure 3.2 F-I). These results indicated that Usp30~~ T cells were similar to WT before activation
and they appeared to initiate a WT-like activation programme upon stimulation. The expression of

activation markers appeared altered only 5 days post-stimulation.
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Figure 3.2. Analysis of activation markers

in naive and effector Usp30~- CTLs.

(A) Activation, stimulation and isolation of CD8" T cells from WT and Usp30” mice. (B) Time course of CD44

expression in WT and Usp30” T cells from naive CD8" T cells (day 0) as they mature into CTLs after stimulation
(day 3-7). (C) Quantitation of CD44 MFI in day 0-7 CTLs. (D) Time course of CD25 expression in WT and Usp30
T cells naive CD8" T cells (day 0) and CTLs (days 3-7). (E) Quantitation of CD25 MFI in day 0-7 CTLs. (F) Time
course of CD62L expression in WT and Usp30” T cells naive CD8" T cells (day 0) and CTLs (days 3-7). (G)
Quantitation of CD62L MFI in day 0-7 CTLs. (H) CD8 and CD62L expression in day 5 WT and Usp30”~ CTLs. (I)
Percentage of CD8" cells displaying high and low CD62L signal in day 5 WT and Usp30”~ CTLs, based on gating

strategy outlined in (H). Error bars show average of technical replicates +SD (day 0: 10° splenocytes/sample; days 3-

7: 10° CTLs/sample). **=p<0.01 (two-tailed unpaired Student’s t-test). Data representative of at least two

independent biological replicates.
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3.3 T cell stimulation induces loss of mitochondrial markers in Usp30” CTLs

The role of USP30 as a deubiquitinase has been highlighted in the context of mitophagy and
pexophagy. USP30 cleaves ubiquitin chains from proteins localised on the outer membrane of
mitochondria and peroxisomes, protecting them from degradation (Bingol et al., 2014; Marcassa et
al., 2018; Nakamura and Hirose, 2008; Riccio et al., 2019). While several studies have described
USP30 DUB activity in a variety of immortalised cell lines, whether USP30 plays the same role in

primary immune cells was not known.
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Figure 3.3. Mitochondrial mass and membrane potential are lost in activated Usp30~~ CTLs.

(A) Time course of mitochondria labelled with TMRE in WT and Usp30~ naive CD8" T cells (day 0) as they mature
into CTLs after stimulation (day 3-7). (B) Quantitation of TMRE MFTI corresponding to histograms shown in (A).
(C) Time course of mitochondria labelled with MitoTracker Green in WT and Usp30”~ naive CD8" T cells (day 0) as
they mature into CTLs after stimulation (day 3-7). (D) Quantitation of MitoTracker MFI corresponding to histograms
shown in (C). All data representative of at least three independent biological replicates (day 0: 10°
splenocytes/sample; days 3-7: 103 CTLs/sample).
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To address this question, I analysed mitochondrial mass and membrane potential on day 0
(splenocytes) and day 3, 5 and 7 CD8" T cells post-activation. I used MitoTracker Green as a measure
of mitochondrial mass and the dye tetramethylrhodamine, ethyl ester (TMRE) as an indicator of
mitochondrial membrane potential (Figure 3.3). MitoTracker Green and TMRE fluorescence were
equivalent in day 0 WT and Usp30”- CD8" T cells, implying that mitochondrial mass and membrane
potential were not affected in USP30-deficient splenocytes. As previously reported (D'Souza et al.,
2007; Grayson et al., 2003; Howden et al., 2019), I observed a surge in both mitochondrial mass and
membrane potential in stimulated WT CTLs, peaking on day 3-5 after stimulation. Usp30~ T cells
also showed an increase in mitochondrial mass and membrane potential, although to a lesser extent
than WT CTLs. TMRE and MitoTracker Green signal were furtherly decreased in day 5 Usp30”
CTLs, suggesting a loss of mitochondrial abundance and membrane potential. Mitochondria
remained defective after day 5, despite an apparent partial regain of WT-like mitochondrial mass

(MitoTracker Green signal) in a minority of Usp30~- CTLs.

The ability of MitoTracker Green to accumulate within mitochondria independently of mitochondrial
membrane potential has been debated (Buckman et al., 2001; Keij et al., 2000; Pendergrass et al.,
2004). Therefore, I used immunoblotting together with fluorescence and electron microscopy to
investigate the mitochondrial defect observed by flow cytometry in day 5 CD8" Usp30~ CTLs.
Expression of TOM20, a known target of USP30 (Phu et al., 2020), was analysed from day 3 to day
9 post-activation by Western blot (Figure 3.4A). TOM20 abundance was moderately reduced in day
3 Usp307- CTLs compared to their WT counterparts, and it was almost completely lost in subsequent
days in activated USP30-deficient cells. This result was consistent with the loss of MitoTracker Green
observed by flow cytometry (Figure 3.3A, B). Interestingly, TOM20 expression showed a
progressive decrease also in stimulated WT CTLs, albeit not to the extent observed in Usp30~~ CTLs.

For immunofluorescence staining I used antibodies raised against TOM20 and the mitochondrial
matrix protein pyruvate dehydrogenase (PDH) (Figure 3.4B, C). Phalloidin staining was used to label
F-actin. Immunofluorescent detection of both TOM20 and PDH highlighted an abundance of
mitochondria in WT CTLs, mostly displaying the classic round morphology that distinguishes
mitochondria in effector T cells from mitochondria in memory T cells (Buck et al., 2016). By contrast,
the signal from these mitochondrial markers was reduced in Usp30~- CTLs, with an average of only
47% and 56% of USP30-deficient CTLs displaying any TOM20 and PDH fluorescence, respectively
(Figure 3.4 D-G). Usp30"- CTLs retaining TOM20 or PDH signal showed a dramatic decrease in the
fluorescence intensity of these markers, indicating that even the cells that had not fully lost TOM20
and PDH were expressing lower levels of these proteins compared to WT CTLs (Figure 3.4 D-G).
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Figure 3.4. Mitochondrial membrane and matrix markers are reduced in activated Usp30~~ CTLs.

(A) Immunoblot showing time course of TOM20 expression in activated (day 3-9 post-stimulation) WT and Usp30~
CTLs (3.33 pg lysate/sample). (B, C) Immunofluorescence staining of (B) TOM20 and (C) PDH in day 5 WT and
Usp30”- CTLs (4.5x10* CTLs/sample). Phalloidin labels F-actin. Scale bars=10 um. (D, E) Quantitation of day 5 CTLs
expressing (D) TOM20 and (E) TOM20 MFI by immunofluorescence (>65 cells per genotype in each independent
repeat). (F, G) Quantitation of day 5 CTLs expressing (F) PDH and (G) PDH MFI by immunofluorescence (>60 cells
per genotype in each repeat). Error bars (D, F) indicate mean values +SD of technical replicates in one representative
experiment. *** = p<0.001 (two-tailed unpaired Student’s t-test). Dashed lines=median; dotted lines=quartiles in (E,

G). Data representative of at least three independent biological replicates.

Transmission electron microscopy (TEM) on day 5 CD8" purified WT and Usp307 CTLs showed
differences in mitochondrial morphology (Figure 3.5). Most mitochondria observed in WT CTLs
appeared as electron-dense structures characterised by tightly packed cristae (Figure 3.5A). TEM
analysis indicated that 23% of WT and 57% of Usp30”- CTLs sections did not contain any visible
mitochondria, suggesting a decrease in mitochondrial abundance in USP30-depleted CTLs.
Examination of mitochondrial phenotypes, divided into “normal” (normal mitochondrial
morphology), “disrupted” (disrupted mitochondrial morphology) and “none” (no mitochondria
observed in the cross-section) confirmed both a reduction in mitochondria and a higher prevalence of
defective mitochondrial structures in Usp30~- CTLs, defined by disrupted cristae (Figure 3.5B). The
results of this quantitation were consistent with the data obtained by fluorescent microscopy: only
47% (“TOM20™ by immunofluorescence, Figure 3.4D) or 43% (“normal/disrupted” by TEM,
Figure 3.5B) of Usp30” CTLs retained partial mitochondrial structures. Overall, these results
supported the hypothesis that mitochondria were lost or disrupted after activation in Usp30~~ CTLs.
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Figure 3.5. Mitochondria in Usp30~~ show loss of inner cristae structure.

(A) Transmission electron microscopy (TEM) sections (70 nm) of mitochondria in day 5 WT and Usp30”~ CTLs
(2x10° CTLs/sample). Scale bars=500 nm. (B) Quantitation of mitochondrial phenotypes (normal = normal
mitochondria, disrupted = disrupted mitochondrial morphology, none = no mitochondria in the section) in TEM
images from 128 WT and 154 Usp30~ cell profiles. TEM samples were prepared, processed and analysed by Jane

Stinchcombe. Data representative of two independent biological replicates.

Given the striking disruption in mitochondrial cristae organisation (Figure 3.5A) and in
mitochondrial membrane potential (Figure 3.3), I assayed mitochondrial respiration in day 5 WT and
Usp30”- CTLs using a Seahorse XF Cell Mito Stress Test assay (Figure 3.6). The Seahorse assay
calculates oxygen consumption rate (OCR) as a measure of OXPHOS, and extracellular acidification
rate (ECAR) as an indicator of glycolysis. Media acidification is due to the secretion of lactate as a
product of glycolysis (Ferrick et al., 2008). OXPHOS is modulated by the addition of oligomycin,
FCCP (the protonophore trifluoromethoxy carbonylcyanide phenylhydrazone) and a combination of
rotenone and antimycin A. These drugs impair ATP synthesis (Lardy et al., 1958), uncouple ATP
production from electron transport (Cunarro and Weiner, 1975; Heytler and Prichard, 1962) and
inhibit complex I and III of the ETC (Lindahl and Oberg, 1961; Potter and Reif, 1952), respectively.
These pharmacological treatments allow for quantitation of both basal and maximal oxygen

consumption rate.

67



Basal OCR was higher in WT CTLs compared to Usp30”- CTLs. WT OCR increased further upon
FCCP addition, demonstrating that day 5 WT CTLs had ample spare respiratory capacity (Figure
3.6A). By contrast, Usp30~- CTLs showed little OCR at resting state, with values only slightly higher
than the signal associated with proton leak, measured as the difference between OCR after oligomycin
addition and OCR after rotenone/antimycin A treatment. FCCP addition could not enhance OCR in
Usp307- CTLs, indicating that the mitochondria in these cells were operating at their maximal
respiratory capacity. These results suggested that despite the marked reduction in mitochondrial

abundance, a small number of mitochondria were still able to engage OXPHOS in Usp30~ CTLs.

Simultaneous analysis of ECAR highlighted dynamic responses of glycolysis upon pharmacological
treatment in both WT and Usp307~ CTLs. ECAR increased in WT CTLs when mitochondrial
respiration was impaired (oligomycin addition) and decreased in both WT and Usp307 CTLs when
OCR was maximised (FCCP addition) (Figure 3.6B). Basal ECAR was upregulated in untreated
Usp30”~ CTLs compared to WT, implying that USP30 depletion resulted in an enhanced reliance on
glycolysis (Figure 3.6B, C). Notably, there was little upregulation in Usp30”~ ECAR upon
oligomycin addition, denoting that the increased reliance on glycolysis in untreated Usp30”~ was

likely to represent the maximal glycolytic capacity of day 5 CTLs.
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Figure 3.6. Lack of USP30 results in loss of OXPHOS and increased glycolysis.

(A) Mitochondrial respiratory capacity measured by oxygen consumption rate (OCR) in day 5 WT and Usp30”- CTLs
treated with 1uM oligomycin A, 1pM FCCP, 0.5uM rotenone and 0.5uM antimycin A. (B) Glycolytic flux as
indicated by extracellular acidification rate (ECAR) in day 5 WT and Usp30” CTLs treated as in (A). (C) Basal
glycolysis in day 5 WT and Usp30” CTLs quantitated by ECAR values at resting state. **=p<0.01 (two-tailed
unpaired Student’s t-test). Error bars show mean values +£SD of technical replicates in one representative experiment

(3x10° CTLs/sample). Data representative of three independent biological replicates.
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As USP30 has been described as a negative regulator of mitophagy (Bingol et al., 2014; Liang et al.,
2015), I asked whether the loss of mitochondrial in USP30-deficient CTLs could be attributed to an
increase in mitophagy. To this end, I used the fluorescent probe Keima, a coral-derived protein whose
fluorescence profile change on the basis of pH (Sun et al., 2017a; Sun et al., 2015). Upon excitation,
Keima emission can be detected at 633 nm. Keima excitation changes according to the pH of the
cellular compartment in which the probe is localised: while maximum excitation in a neutral or
slightly basic environment (pH=7-8) can be obtained by exciting the compound at 488 nm, excitation
at 561 nm is required for an optimal signal in an acidic environment (pH=4-5). Thus, Keima can be
used to distinguish the pH of the organelles in which it is localised, and it has been employed to
measure mitophagy upon targeting to the inner mitochondrial membrane (Sun et al., 2017b; Sun et

al., 2015).

Mitochondria-targeted Keima (mt-Keima) exhibits maximal fluorescence when excited at 488 nm
(hereafter defined as “green signal”) in healthy mitochondria. By contrast, mt-Keima displays
maximal fluorescence when excited with the 561 nm laser (hereafter referred to as “red signal”) upon
mitochondrial damage, when unhealthy mitochondria are degraded within acidic lysosomal
compartments. The mt-Keima construct was introduced in WT and Usp30”- CTLs by nucleofection
and fluorescence was assessed by live microscopy. Most mitochondria in day 5 WT CTLs displayed
green mt-Keima fluorescence, indicative of a healthy mitochondrial network (Figure 3.7A). By
contrast, | observed a marked decrease in green signal and a higher proportion of red mt-Keima signal
in USP30-deficient CTLs (Figure 3.7A). An average of 10% of mitochondria were undergoing
degradation in day 5 WT CTLs against 52% in USP30-deficient CTLs (Figure 3.7B). These results
demonstrated that mitophagy was upregulated in Usp30~- CTLs, consistent with previously published
work describing the role of USP30 in other cell types (Bingol et al., 2014; Liang et al., 2015).
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Figure 3.7. Usp30”- CTLs show increased mitophagy.

(A) Representative images of mt-Keima signal in day 5 WT and Usp30”~ CTLs. Scale bars=15 um. (B) Quantitation
of live cell imaging of day 5 WT and Usp30” CTLs expressing mt-Keima. Each data point shows percentage of
mitolysosomes (red mt-Keima signal) in a 63 X field, indicative of mitophagy (>40 cells per genotype in each
independent repeat). Error bars display mean values +SD of technical replicates in one representative experiment

(2x10° CTLs/sample). ***=p<0.001 (two-tailed unpaired Student’s t-test). Data representative of three independent

biological replicates.
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3.4 TCR activation results in a decrease in peroxisomal markers in Usp30”- CTLs

In addition to playing a role in mitophagy, USP30 counteracts the peroxisomal E3 ubiquitin ligase
PEX2, thus acting as a negative regulator of pexophagy (Marcassa et al., 2018; Riccio et al., 2019).
Therefore, 1 asked whether peroxisomes were degraded in Usp30” CTLs. First, I assessed the
expression of the peroxisomal membrane protein PMP70 by immunoblot on day 3, 5, 7 and 9 post-
stimulation (Figure 3.8A). While PMP70 expression was comparable in WT and USP30-deficient
CTLs on day 3, PMP70 appeared downregulated in Usp30”- CTLs from day 5 post-stimulation, with
the most noticeable difference compared to WT CTLs appearing on day 7-9. Notably, PMP70
expression was not completely lost as observed with TOM20 (Figure 3.4A). However, PMP70
expression also did not decrease over time in WT CTLs, as opposed to the downregulation in TOM20
levels observed in activated WT CTLs (Figure 3.4A). This suggested different dynamics for either
the regulation of mitophagy and pexophagy or specifically for TOM20 and PMP70 expression.

Next, I used immunofluorescence to detect the peroxisomal matrix enzyme catalase to further
characterise peroxisomes in WT and Usp307 CTLs (Figure 3.8B). Immunostaining was performed
on day 7 post-activation to examine peroxisomal morphology at a time point where the difference
between WT and Usp30”~ CTL appeared most significant. Immunofluorescent detection of
peroxisomes proved to be technically challenging, as catalase staining was difficult to distinguish
above background signal, a feature that prevented the systematic quantitation of peroxisomes. Despite
this, the fluorescence intensity of catalase staining suggested diminished protein abundance in

USP30-deficient CTLs, supporting the results obtained by PMP70 immunoblotting.

To better examine whether the loss of USP30 resulted in peroxisome degradation, I employed the
Keima probe by using a peroxisome-targeted construct based on the SKL peroxisomal localising
motif (Keima-SKL) (Cunningham et al., 2015; Marcassa et al., 2018). WT and Usp30~- CD8" T cells
were nucleofected with Keima-SKL and analysed by live imaging to monitor peroxisome
degradation. As with the mt-Keima probe, healthy peroxisomes could be detected by green Keima-
SKL signal, while peroxisomal membranes undergoing degradation within lysosomes (pexophagy)
could be detected by red Keima-SKL signal (Figure 3.8C). In agreement with the PMP70 Western
blot data, pexophagy was not significantly upregulated in day 5 CTLs (Figure 3.8D). By contrast,
day 7 Usp307- CTLs displayed an average surge in pexophagy from 28% (WT) to 43% (Usp307)
(Figure 3.8D), confirming that lack of USP30 resulted in increased peroxisome degradation, although

not to the same extent as observed with mitophagy (Figure 3.7).
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Figure 3.8. Activated Usp30~- CTLs show reduction in peroxisomal markers and increased pexophagy.

(A) Immunoblot showing time course of PMP70 expression in activated (day 3-9 post-stimulation) WT and Usp30~-

CTLs (3.33 ug lysate/sample). (B) Immunofluorescence staining of catalase in day 7 WT and Usp30~~ CTLs (3x10*

CTLs/sample). Scale bars=10 um. (C) Representative images of Keima-SKL signal in day 7 WT and Usp30” CTLs

(2x10° CTLs/sample). Scale bars=15 um. (D, E) Quantitation of live cell imaging of (D) day 5, and (E) day 7 WT

and Usp30” CTLs expressing Keima-SKL. Each data point displays percentage of pexophagy (red Keima-SKL

signal) in a randomly chosen 63 X field (>40 cells per genotype in each independent repeat). Error bars indicate mean

values £SD of technical replicates in one representative experiment. ** = p<0.01, ns=not significant (two-tailed

unpaired Student’s t-test). Data representative of at least two independent biological replicates.
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3.5 Analysis of autophagic flux in USP30-depleted CTLs

The higher rate of mitophagy and pexophagy observed in USP30-deficient CTLs prompted the
analysis of overall autophagic flux. LC3 protein expression is detected in two forms by Western blot,
with the lower molecular weight band representing LC3B (or LC3-II), the mature form of LC3 that
is conjugated to the autophagosome (Klionsky et al., 2021). LC3B is degraded upon fusion of the
autophagosome with lysosomes (autolysosomes). Therefore, decreased LC3B expression can either
indicate a defect in autophagosome formation or increased formation of autolysosomes. To
distinguish between these two scenarios, I treated WT and Usp307- CTLs with Bafilomycin A (BAF).
BAF is a potent inhibitor of the vacuolar-type H-ATPase (V-ATPase) that couples ATP hydrolysis
to cation transfer, allowing for the acidification of cellular organelles, including lysosomes (Bowman
et al., 1988). In addition, BAF treatment prevents autophagosome fusion with lysosomes (Yamamoto
et al., 1998). By hindering lysosomal acidification and autolyososome formation, LC3B is not

degraded and its total expression can be measured.

LC3B expression was reduced in day 5 Usp307 CTLs (Figure 3.9A), suggesting either an increase
in autophagic flux (and therefore enhanced degradation of LC3B) or defective autophagosome
formation (thus lower abundance of LC3B due to fewer autophagosomal structures). To understand
the cause of LC3B decrease, I treated both day 5 WT and Usp307- CTLs with BAF and analysed
LC3B expression in untreated and treated CTLs by Western blot. I found a marked upregulation in
LC3B in both WT and Usp307 CTLs after a short term (4h) BAF treatment (Figure 3.9B). These
data indicated that the downregulation in LC3B expression observed upon loss of USP30 depends on
higher autophagic flux and not on defective autophagosome formation. Taken together with the mt-
Keima and Keima-SKL live imaging data, these results support the hypothesis that loss of USP30
relieves the break on autophagy and targets mitochondria and peroxisomes for engulfment by the

autophagosome and degradation within lysosomes.
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Figure 3.9. Increased autophagic flux in day 5 Usp30~~ CTLs.

(A) LC3 expression in three biological replicates of day 5 WT and Usp30”- CTLs. (B) LC3 expression in untreated
and bafilomycin A (BAF)-treated (400nM, 4h) day 5 WT and Usp30~~ CTLs. Data in (B) representative of two
independent biological replicates (3.33 ug lysate/sample).

3.6 Loss of USP30 impairs CTL cytotoxicity

As USP30 was identified as a regulator of CTL cytotoxicity in a mixed T cell population (>70%
CD8" T cells) (Abeler-Dorner et al., 2020), I aimed to confirm these results by using CD8" purified
day 5 CTLs.

Using a short-term (2.5h) assay, I incubated effector T cells and target P815 mastocytoma cells at
different CTL:target ratios. Target lysis was achieved by incubating the P815 target cells with a-CD3
in order to trigger TCR crosslinking upon T cell-target contact. Target cell death was quantitated
based on LDH release from dying cells. This short-term killing assay showed that Usp30”~ CTLs had
diminished killing potential at all tested CTL:target ratios (Figure 3.10A), confirming previous

observations in the 3i screen (Abeler-Dorner et al., 2020).

Next, I aimed to characterise T cell cytotoxicity over time in a long-term (>10h) killing assay. For
this experiment, I used the IncuCyte system, together with P815 targets transduced with the NucLight
Red lentiviral construct and coated with a-CD3 as described above. Target cell lysis was measured
by loss of red fluorescent nuclei. I first used the 10:1 CTL:target ratio, which allowed WT CTLs to
kill all target cells within 7h from the start of the assay. While USP30-deficient CTLs were still able
to kill, they needed at least 10h to achieve complete target cell death (Figure 3.10B). Next, I
performed a long term IncuCyte-based killing assay by seeding the cells at a 1:1 CTL:target ratio to
further challenge T cell-mediated killing. Interestingly, WT CTLs were able to kill rapidly for the
first 4h, after which killing slowed down (Figure 3.10C). WT T cells required 14-16h to achieve
complete target cell lysis. The killing capacity of Usp30”~ CTLs was strikingly different at the 1:1
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CTL:target ratio. While USP30-deficient CTLs were able to induce target cell apoptosis for the first
4h, killing was ablated at later time points. These results indicated that loss of USP30 significantly
prolongs killing time when T cells were in excess compared to target cells, and it caused a loss of

cytotoxicity after 4h when T cells and target cells were found in equal numbers.
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Figure 3.10. Loss of USP30 impairs CTL Kkilling.

(A) Short-term (2.5h) killing assay with day 5 WT and Usp30”- CTLs, varying CTL:target ratio. 10* targets/sample.
CTLs numbers varying according to ratio: 2.5x10° (25:1), 1.25x10% (12.5:1), 6.25x10* (6.25:1), 3.1x10* (3.1:1),
1.5x10* (1.5:1) and 7.5x103 (0.75:1) CTLs/sample. (B) Long-term (10h) killing assay showing percentage of target
cell lysis over time (CTL:target ratio, 10:1) with day 5 WT and Usp30”~ CTLs (4x10? targets and 4x10* CTLs per
sample). (C) Long-term (12h) killing assay displaying percentage of target cell lysis over time (CTL:target ratio, 1:1)
with day 5 WT and Usp30” CTLs (4x10* targets and 4x10* CTLs per sample). Errors bars in (A-C) indicate mean

values £SD of technical replicates in one representative experiment. Data representative of at least three independent

biological replicates.

3.7 ATP generation and CTL migration are not affected by lack of USP30

To elucidate the cytotoxicity defect in Usp30”- CTLs, I asked which aspect of killing could be
impaired by the loss of USP30. The first step in T cell-mediated cytotoxicity is migration towards the
site of infection or tumorigenesis. Mitochondria play a role in lymphocyte migration (Campello et
al., 2006). Therefore, I measured migration of WT and USP30-deficient CTLs by live microscopy.
Cell nuclei were stained with the cell-permeable dye Hoechst to monitor cell migration based on
nuclei displacement. CTLs were nucleofected with the LifeAct-mApple construct to label F-actin and
observe qualitative changes in actin dynamics during migration. Track speed per cell was quantitated
and showed no deficiency in migration speed upon loss of USP30 (Figure 3.11A). Migratory
characteristics such as an enrichment in F-actin at the leading edge and the presence of filopodia at
the cell uropod were observed in both WT and Usp30~, indicating that USP30-deficient CTLs were

not experiencing gross defects in actin dynamics during cell migration.
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As lymphocyte migration can be propelled by mitochondria-derived ATP (Campello et al., 2006), 1
next measured cellular ATP in WT and Usp30”- CTLs. I used a luminescence-based assay, which
takes advantage of the ATP requirement for the activity of the enzyme luciferase. Upon addition of
equal concentrations of D-luciferin substrate to cell lysates, luciferin luminescence can be used to
estimate the ATP present in the samples. ATP concentration showed variability in both WT and
Usp307- unstimulated CTLs, likely dependent on fluctuations in energy demands (Figure 3.11B).
However, no reproducible difference in ATP concentration could be detected, implying that energy
levels are met in USP30-deficient CTLs despite the loss of mitochondria. ATP concentration was also
quantitated after stimulation to mimic T cell activation upon TCR crosslinking with o-CD3.
Measurements were taken 4.5h after stimulation to assess ATP concentration when sustained CTL
killing was challenged (Figure 3.10C). No difference in ATP generation was found between WT and
Usp307- CTLs, confirming that even during TCR triggering, ATP production is not limiting for
Usp307- CTL function. Interestingly, ATP concentration did not significantly increase upon TCR
crosslinking, indicating that either the reaction substrate was limiting, or that maximal ATP synthesis

occurs in resting day 5 CTLs even without re-stimulation.

As glycolysis can also be a source of ATP, and glycolytic flux was found to be upregulated upon loss
of USP30 (Figure 3.6B, C), I hypothesised that Usp30”- CTLs could be sustaining ATP levels via
glycolysis. To assess the contribution of OXPHOS and glycolysis to ATP production, I treated WT
and Usp30”~ CTLs with the ATP synthase inhibitor oligomycin and the glycolysis inhibitor 2-
deoxyglucose (2-DG). 2-DG can enter glycolysis but cannot be fully metabolised, thus limiting
glycolytic flux (Wick et al., 1957). Incubation of WT and Usp307 CTLs with both oligomycin and
2-DG almost completely abolished generation of ATP. Separate treatments with either oligomycin or
2-DG lowered ATP levels in both WT and Usp307 CTLs, with the largest and most reproducible
decrease obtained with 2-DG treatment. This was consistent with the idea that effector T cells are
highly glycolytic (Buck et al., 2016; Hedeskov, 1968), and that Usp30~- CTLs had a higher reliance
on glycolysis than WT CTLs, as shown by the increased reduction in ATP levels in 2-DG-treated
Usp30~”~ CTLs. Interestingly, oligomycin caused a marked decline in ATP levels not only in WT but
also in Usp307 CTLs, despite the loss in mitochondrial abundance and function observed in these
cells. While this result was surprising, TEM analysis highlighted the presence of ~10% WT-like
mitochondria in Usp30”~ CTLs (Figure 3.5B). In addition, while OCR values were lower in Usp30”
CTLs compared to their WT counterparts, oligomycin treatment could still induce a small decrease

in OCR in Usp30”~ CTLs (Figure 3.6A), suggesting a detectable presence of mitochondrial
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respiration despite loss of USP30. Taken together, these results indicated that a small population of
WT-like mitochondria were retained in Usp30”- CTLs, and that these mitochondria were able to

engage OXPHOS and produce mitochondria-derived ATP.
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Figure 3.11. Migration speed and ATP production are not affected by loss of USP30.

(A) Track speed analysis of migrating day 5 WT and Usp30~~ CTLs (2x10° CTLs/sample; violin plots show analysis
of >200 cells per genotype per repeat; solid lines=median; dotted lines=quartiles). (B) ATP quantitation in day 5 WT
and Usp30” CTLs (2x10° CTLs/sample), with (a-CD3) or without (basal) TCR activation or treated with 25uM
oligomycin and/or 100mM 2-deoxy-D-glucose (2-DG) to account for mitochondria-derived and glycolysis-derived
ATP, respectively. Error bars show mean values +£SD of technical replicates in one representative experiment. *** =
p<0.001, **=p<0.01, ns=not significant (two-tailed unpaired Student’s t-test). [a.u.] = arbitrary units. Data

representative of three independent biological replicates.

3.8 Usp30”~ CTLs can trigger the signalling cascade associated with Killing

Mitochondria have been suggested to participate to TCR signalling upon target cell encounter
(Hoth et al., 2000). Given the loss of mitochondrial abundance and function, I asked whether day 5
Usp30”- CTLs could recognise target cells. TCR crosslinking in effector T cells generates a signalling
cascade propagated by phosphorylation events, leading to transcriptional, translational, metabolic and
cytoskeletal changes (Cantrell, 2015; Courtney et al., 2018). Mass cytometry was used to monitor
phosphorylation of both proximal (ZAP70, SLP76, PLCy1, LCK) and distal (ERK1/2, AKT, STATS,
IkB, S6) markers of TCR signalling, as described previously (Ma et al., 2020). TCR signal
transduction was not perturbed by loss of USP30, suggesting that Usp30”~ CTLs were able to
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recognise target cells and to initiate the signalling cascade leading to target cell apoptosis (Figure

3.12 A-D).

To complement this analysis, I measured calcium flux in WT and Usp30”- CTLs. TCR engagement
leads to a surge in intracellular calcium concentration, modulating signalling and promoting lytic
granule polarisation and secretion (Cantrell, 2015; Lancki et al., 1987; Takayama and Sitkovsky,
1987). Mitochondria participate in calcium flux by interacting with the ER (Rizzuto et al., 1993), and
they can influence intracellular calcium concentration in T cells upon TCR triggering (Hoth et al.,

1997; Quintana et al., 2006).

To ask whether the mitochondrial depletion observed in Usp30”- CTLs would affect calcium flux, 1
used the ratiometric calcium dye INDO-1 to detect changes in intracellular calcium concentration.
While INDO-1 is fluorescent even when not bound to calcium (excitation: 355 nm, emission: 450
nm), its fluorescence spectrum changes upon calcium binding (excitation: 355 nm, emission: 375
nm). By calculating the ratio of calcium-bound INDO-1 to calcium-unbound INDO-1, it is possible
to measure changes in intracellular calcium levels while controlling for potential differences in dye
uptake. Physiological calcium flux was mimicked by TCR crosslinking with a-CD3, while maximal
calcium flux was assessed using the ionophore ionomycin to trigger calcium influx across T cell

plasma membrane (Lyall et al., 1980).

Basal intracellular calcium levels (time=0-60s) were equivalent in WT and Usp307 CTLs (Figure
3.12J). Calcium flux in Usp30”~ was not diminished in the absence of mitochondria. TCR
crosslinking (t=60s) induced an increase in intracellular calcium that followed similar temporal
dynamics in WT and Usp30”- CTLs. However, intracellular calcium reached a higher concentration
in USP30-deficient CTLs, and it was sustained for longer than in their WT counterparts. lonomycin
addition (t=300s) induced an instantaneous surge in calcium concentration, which was equivalent in
WT and Usp307- CTLs and higher than the peak observed in Usp30~- CTLs upon TCR crosslinking.
The increase in intracellular calcium after ionomycin treatment was also sustained for longer in
Usp307- CTLs. These results indicated that calcium flux was not inhibited, but potentiated, by loss of
USP30.
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Figure 3.12. Proximal and distal TCR signalling is not inhibited by mitochondrial depletion.

(A-I) TCR signal transduction in TCR activated WT and Usp30”~ CTLs (1.6x10° CTLs/sample) measured by
phosphorylation of distal and proximal markers via mass cytometry. Histograms showing fluorescence intensity for
(A) pZAP70, (B) pSLP76, (C) pPLCy1, (D) pLCK, (E) pERK1/2, (F) pAKT, (G) pSTATS, (H) plkBa and (I) pS6.
(J) INDO-1 calcium assay displaying changes in intracellular calcium concentration in day 5 WT and Usp30” CTLs
before (t=0-60s) and after TCR crosslinking (t=60s) or ionomycin addition (t=300s). Error bars indicate mean values
+SD of technical replicates in one representative experiment (0.5-1x10° CTLs/sample). Samples for mass cytometry
were prepared and analysed by Claire Ma. Data representative of (A-I) two and (J) three independent biological

replicates.

3.9 Target cell recognition and granule polarisation are not affected by loss of USP30

TCR crosslinking in effector CTLs leads to the polarisation of the centrosome and lytic granules
at the IS (Stinchcombe et al., 2001b). Polarisation is followed by the fusion of lytic granules at the
CTL plasma membrane (degranulation), allowing for the release of cytolytic proteins such as perforin
and granzymes. Degranulation depends on TCR-triggered calcium influx (Lancki et al., 1987;
Takayama and Sitkovsky, 1987). As the signalling cascade triggered by TCR crosslinking was not
perturbed and calcium flux was potentiated, I asked whether a defect in lytic granule polarisation or

secretion could cause the loss of cytotoxicity observed in Usp307- CTLs.

To analyse lytic granule polarisation at the IS, I co-incubated day 5 WT and Usp30” with a-CD3-
coated P815 target cells expressing FarnesylTag-BFP on their plasma membrane (Ritter et al., 2015).
I determined the frequency of IS formation between a single CTL and a target cell by
immunofluorescence (Figure 3.13A, B). Antibodies against the membrane protein CD8 were used to
distinguish the T cell from the blue target cell, while LAMP1 identified granules and y-tubulin the
centrosome. CTLs displaying complete polarisation of the centrosome and lytic granules at the IS
were scored as ‘“conjugates” and the percentage of conjugated versus unconjugated CTLs was

examined by microscopy in multiple, randomly chosen fields with a 63 X objective.

Usp307- CTLs did not display any defect in conjugate formation: not only were they able to polarise
the centrosome and the lytic granules at the IS (Figure 3.13A), but they also formed conjugates with
target cells as frequently as WT CTLs. On average, 20 minutes of co-incubation between CTLs and
P815 targets allowed for 83% of WT and 77% of Usp30~ to form conjugates, with no statistically
significant difference (p=0.35) (Figure 3.13B). These results confirmed that loss of USP30 does not

impair target cell recognition nor the formation of an IS.
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Lytic granule polarisation at the IS is not always indicative of a successful degranulation event, as
shown by investigation of CTLs derived from patients or murine models lacking the protein RAB27A
(Menasche et al., 2000; Wilson et al., 2000), which mediates lytic granule fusion at the plasma
membrane (Haddad et al., 2001; Stinchcombe et al., 2001a). To assess whether lytic granule
polarisation was followed by granule fusion, we used a flow cytometry-based assay to determine
LAMPI surface expression on unstimulated and TCR-triggered CTLs. LAMP1 surface expression
increases as lytic granules fuse with the plasma membrane and release their cytolytic content.
Degranulation is measured by monitoring LAMP1 appearance on the cell surface in TCR-triggered

CTLs and comparing it to LAMP1 surface expression before stimulation.

To this end, WT and Usp30”- CTLs were either incubated alone or with a-CD3-coated P815 target
cells, and LAMP1 surface expression was analysed by flow cytometry (Figure 3.13C, D).
Interestingly, LAMP1 signal intensity appeared decreased in both unstimulated and TCR-triggered
Usp30”~ CTLs. This suggested either a defect in LAMP1 trafficking or lower total LAMPI
abundance. Nevertheless, LAMP1 surface expression increased in both WT and Usp307- CTLs upon
target cell encounter. This result indicated that loss of USP30 did not prevent lytic granule fusion at

the plasma membrane.
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Figure 3.13. Usp30~- CTLs can induce organelle polarization at the IS.

(A) Conjugates formed by 3x10* day 5 WT or Usp30” CTLs (green) incubated with 3x10* P815 targets (blue)
showing polarization of cytolytic granules (red) and centrosome (white). Scale bars=5 pm. (B) Quantitation of
conjugate formation between day 5 WT and Usp30” CTLs and P815 target cells (>70 cells per genotype analysed in
each independent repeat). Each dot displays the average % conjugates in a randomly chosen field, imaged with a 63
X objective. (C) Histograms representing surface LAMP1-PE fluorescence intensity in 2x10° day 5 WT and Usp30-
 CTLs before and after incubation with 2x10° P815 target cells. (D) Quantitation of LAMP1 MFI in unstimulated
and TCR-triggered CTLs. Error bars in (B, D) indicate mean values £SD of technical replicates in one representative
experiment. ***=p<0.001, **=p<0.01, ns=not significant (two-tailed unpaired Student’s t-test). Data representative

of at least three independent biological replicates.
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3.10 Lytic granule content and size are reduced in Usp30” CTLs

This stepwise analysis of the killing process indicated that Usp307- CTLs were able to migrate,
recognise target cells, and trigger the signalling events that lead to target cell apoptosis, from TCR-
dependent phosphorylation events and calcium fluxes, up to secretion of lytic granule content. Given
the cytotoxicity defect observed in Usp307 CTLs, I asked whether the lytic granules themselves were
perturbed by loss of USP30. TEM sections from day 5 WT and Usp307 CTLs revealed no changes
in lytic granule inner morphology, as demonstrated by the presence of a dense core (Figure 3.14A),
or in lytic granule number (Figure 3.14B). However, the size of the granules appeared smaller in

Usp307- (Figure 3.14A, C), prompting the analysis of lytic granule content.
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Figure 3.14. Lytic granules are smaller in Usp30~- CTLs.

(A) TEM sections (70 nm) of lytic granules in day 5 WT and Usp30” (KO) CTLs (2x10® CTLs/sample). Scale
bar=500 nm. (B, C) Quantitation of (B) lytic granule number (solid line=median; dotted lines=quartiles) and (C)
cross-sectional surface areas from 139 (WT) and 164 (Usp307) profiles. ***=p<0.001 (two-tailed unpaired Student’s
t-test). TEM samples were processed and analysed by Jane Stinchcombe. Data representative of two independent

biological replicates.

I used immunoblotting to assess the protein abundance of two of the main players of the killing
response: the pore-forming protein perforin and the pro-apoptotic granzyme B (Figure 1.1).
Granzyme B expression steadily increased after T cell stimulation, peaking between day 7 and 9 after
stimulation in WT CTLs (Figure 3.15A). While granzyme B abundance was similar in day 3 WT and
Usp307- CTLs, it was reduced in USP30-depleted CTLs on day 5. Granzyme B expression was not
upregulated in subsequent days as observed in WT CTLs. This result indicated that the main
component of lytic granules (Howden et al., 2019; Hukelmann et al., 2016) was present in lower
abundance in Usp30”- CTLs.
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Immature forms of perforin can be distinguished by their molecular weight, as newly synthesised
perforin is conjugated to a mannose-6-phosphate group, to which complex glycans are added in the
Golgi (Uellner et al., 1997). This causes immature forms of perforin to run as two higher molecular
weight bands (ER and Golgi forms). Proteolytic cleavage prior to storage in lytic granules generates

the mature, lowest molecular weight band (Uellner et al., 1997).

Perforin expression increased in WT CTLs as they acquired cytolytic capacity, reaching a peak on
day 9 after stimulation (Figure 3.15B). Perforin expression was downregulated in Usp30”~ CTLs at
all time points tested. In addition, immunoblotting showed the appearance of higher molecular weight
bands, indicative of delayed perforin synthesis. As the abundance of perforin on day 9 prevented an
accurate analysis by Western blot in day 5 and day 7 CTLs, day 5 samples were also run separately
to assess whether the defect in perforin production was present at the same time point in which the
decrease in granzyme B could be observed (Figure 3.15C). As in day 9 samples, the prevalent form
of perforin in day 5 WT CTLs was the mature one. The two immature forms of perforin were detected
in day 5 Usp30” CTLs, whereas the mature product was less abundant. Taken together, these results
demonstrated that while lytic granule secretion was largely unperturbed in USP30-depleted CTLs,

the granule size and content were diminished, likely inhibiting the efficacy of the killing response.
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Figure 3.15. Loss of USP30 results in reduced abundance of cytolytic proteins.

(A-C) Immunoblots for (A) granzyme B (GZMB) and (B, C) perforin (PRF1) in WT and Usp30”~ CTLs (3.33 g
lysate/sample). Western blots in (A, B) display time course of granzyme B and perforin expression in activated CTLs,
while (C) shows perforin expression in day 5 CTLs only. Immature (1), intermediate (2) and mature (3) forms of

perforin are labelled. Data representative of at least three independent biological replicates.
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3.11 Cytosolic translation is impaired in Usp30”~ CTLs

Mitochondrial dysfunction in naive CD8" T cells can cause defective IL-2 signalling, which leads
to a downstream inhibition of granzyme B and perforin transcription (Fischer et al., 2018). Our in
vitro cell culture provides high concentration of murine IL-2 (100U/ml), and I did not observe
substantial defects in the expression of the IL-2 a chain receptor (CD25) upon T cell stimulation

(Figure 3.2D, E).

To further interrogate this mechanism as a potential cause for diminished cytolytic protein expression,
I quantitated mRNA abundance of perforin and granzyme B, and I found it to be similar in WT and
Usp30”~ CTLs (Figure 3.16A). This analysis indicated that the reduced lytic granule content was not
a consequence of a transcription defect of the Gzmb and PrfI genes, and pointed to either a defect in

translation or increased degradation as potential causes of diminished protein abundance.

I monitored translation by depriving CTLs of methionine and supplementing the cell culture media
with HPG, a methionine analogue, to measure de novo protein synthesis. Cells deprived of methionine
rapidly incorporate HPG, which can be fluorescently labelled via click chemistry; this assay has also
been used in CTLs (Araki et al., 2017). By analysing HPG fluorescence via flow cytometry, I
observed a decrease in de novo protein synthesis in unstimulated day 5 Usp30”- CTLs (Figure 3.16B,
C). HPG incorporation marginally increased when prolonging the incubation of unstimulated Usp30-
/- CTLs with HPG (4.5h), although it did not reach the levels observed in WT CTLs. Therefore, loss
of USP30 was correlated with a dramatic inhibition of protein synthesis, which was likely to affect

the expression of cytolytic proteins.

TCR crosslinking induces preferential translation of mRNA species of proteins involved in killing,
such as TNFa and IFNy (Anderson, 2008). To ask whether the reduced protein synthesis observed in
Usp30”~ CTLs could be enhanced by TCR engagement, I used HPG to measure cytosolic translation
in a-CD3-stimulated CTLs. No substantial increase in protein synthesis was observed in WT CTLs,
regardless of the length of the stimulation (1h and 4.5h TCR activation) (Figure 3.16B, C). This
suggested that either HPG concentration was limiting, or that while selectivity for specific mRNA
species might vary, WT CTLs operate at their maximum translational capacity even in the absence
of TCR-mediated stimulation (Figure 3.16B, C). This is consistent with previous observations
indicating that day 5 post-activation CD8" CTLs are especially translationally active compared to
both naive CD8" T cells and to CTL at later stages after restimulation (Araki et al., 2017). On the
other hand, while short-term TCR crosslinking had little effect on Usp30”~ CTLs, prolonged TCR
stimulation (4.5h) increased the percentage of Usp307” CTLs showing efficiently translation.
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Nevertheless, even after 4.5h of stimulation, CTL lacking USP30 could not reach the same protein

synthesis efficiency as WT CTLs.
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Figure 3.16. Usp30~- CTLs show profound reduction in protein synthesis.

(A) Granzyme B (GzmB) and perforin (PrfI) mRNA in day 5 WT and Usp30” CTLs (starting material: 100 ng
cDNA/sample); ACT normalised to TATA-binding protein (Tbp). Error bars indicate mean values £SD of three
biological replicates. ns=not significant (two-tailed paired Student’s t-test). (B) HPG-AF488 incorporation into day
5 WT and Usp307 CTLs (2x10° CTLs/sample), stimulated with a-CD3 (TCR triggering) where shown, compared
with CTLs treated with 100pg/ml cycloheximide (CHX) in which cytosolic translation is inhibited (control). Samples
were treated for 1h or 4.5h as indicated in the figure. Vertical line denotes position of the gate used to quantitate high
HPG incorporation. (C) Percentage of CTLs displaying high HPG signal, as determined by vertical dashed line in
(B). Error bars indicate mean values +SD of technical replicates within one representative experiment. ***=p<0.001

(two-tailed unpaired Student’s t-test). Data representative of at least three independent biological replicates.

3.12 Inhibition of de novo protein synthesis impairs killing by preventing the

replenishment of cytolytic proteins

The long-term killing assay performed at the 1:1 CTL:target ratio showed that target cell killing
slowed down in WT CTLs and was halted in Usp307 CTLs after 4h of incubation (Figure 3.10C).
Given the impaired cytosolic translation observed in Usp30~- CTLs, I asked whether the abundance
of cytolytic proteins could be depleted after prolonged killing. I stimulated day 5 WT and Usp30”
CTLs with a-CD3 for 4.5h and then compared perforin and granzyme B expression in unstimulated

and stimulated CTLs.

Mature granzyme B decreased in stimulated WT CTLs. This was likely to be caused by granzyme B

secretion occurring after TCR engagement (Figure 3.17A). A novel, higher molecular weight band
86



appeared, consistent with the molecular weight of newly synthesised glycosylated granzyme B
(Caputo et al., 1993; Isaaz et al., 1995). Inhibition of cytosolic translation by cycloheximide (Obrig
et al., 1971; Schneider-Poetsch et al., 2010) prevented the appearance of this band. These results
suggested that granzyme B was synthesised de novo to fuel sustained killing. Mature granzyme B
expression was low before stimulation and was further diminished upon TCR triggering in Usp30~"
CTLs. De novo synthesis of granzyme B was almost undetectable in a-CD3-stimulated Usp30”

CTLs.

Similarly, most perforin was found in the mature form in unstimulated WT CTLs. Mature perforin
expression diminished in TCR-triggered WT CTLs, indicative of perforin secretion (Figure 3.17B).
An increase in newly synthesised perforin could be observed in WT cells stimulated with a-CD3,
shown by the appearance of immature forms of perforin displaying a higher molecular weight. Most
perforin in day 5 Usp30”~ CTLs was found in immature forms, as previously observed (Figure 3.4B).
Despite the enhancement in protein translation detected upon prolonged stimulation (Figure 3.16B,
C), de novo perforin synthesis was reduced in USP30-depleted CTLs compared to their WT
counterparts. Altogether, repeated killing decreased the abundance of mature granzyme B and
perforin in both WT and Usp30”- CTLs. However, while efficient translation could allow for de novo
synthesis of cytolytic proteins in the WT, granzyme B and perforin production was impaired in

Usp30”- CTLs.

These results suggested a requirement for de novo protein synthesis to sustain CTL killing. To address
this question directly, I treated day 5 WT and USP30-depleted CTLs with CHX. WT and Usp30”
CTLs could kill for the first 4h of the assay, regardless of CHX treatment (Figure 3.17C). However,
CHX-treated WT CTLs showed a dramatic loss of killing after 4h. This result indicates that loss of

cytosolic translation is sufficient to hinder sustained CTL killing.

Notably, cycloheximide had an additive effect on Usp30”~ CTLs. Cycloheximide-treated Usp30~~
CTLs killed more slowly for the first 6h, after which cytotoxicity was inhibited. Although USP30-
deficient CTLs displayed reduced protein synthesis, translation was not completely halted (Figure
3.16B, C), possibly enabling CTL survival and sustaining initial killing events. Therefore, CHX
treatment likely abolished the remaining cytosolic translation in Usp307 CTLs, further impairing
killing (Figure 3.17C). Overall, these results demonstrated that de novo protein synthesis was
essential to maintain cytotoxicity, and specifically pointed to a requirement for sustained translation

of cytolytic proteins to promote CTL killing.
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Figure 3.17. De novo protein synthesis is required for sustained CTL Kkilling and it is inhibited in Usp30”- CTL

(A, B) Immunoblots showing (A) granzyme B (GZMB) and (B) perforin (PRF1) in day 5 WT and Usp30”~ CTLs
(3.33 pg lysate/sample) before and after 4.5h TCR activation with a-CD3 and/or treated with 100pg/ml CHX. Newly
synthesised GZMB labelled by (*); PRF1 forms labelled as (1) immature, (2) intermediate and (3) mature perforin
products. (C) Long-term (12h) killing assay with day 5 WT and Usp30~- CTLs (CTL:target, 1:1), treated with carrier
(DMSO) or 100pg/ml CHX. Error bars indicate mean values =SD of technical replicates in one representative

experiment (4x10* targets and 4x10* CTLs per sample). Data representative of at least three independent biological

replicates.

3.13 Proteomic analysis of Usp30”~ CTLs

To gain further insight into the impaired cytosolic translation observed upon USP30 depletion,
we performed mass spectrometry analysis in day 5 WT and Usp30”- CTLs. Samples were analysed
in both the unstimulated (basal) and TCR-triggered (4.5h a-CD3) state. We observed that the decrease
in protein synthesis did not affect all proteins equally, as only a subset of peptides was found to have
a statistically significant (FDR<10%) lower expression in Usp30”~ CTLs under basal conditions
(Figure 3.18 A-C). As expected, several downregulated proteins were found to be either

mitochondrial (72%) or peroxisomal (3%), which is consistent with the role of USP30 as an inhibitor

of mitophagy and pexophagy (Figure 3.18B, C).

Surprisingly, the glucose transporter SLC2A3/GLUT3 and the glycolysis enzymes HK1, HK2 and
ALDOC were also found to be downregulated in Usp30~~ CTLs. These results could be due to HK1
and HK2 association with the mitochondrial membrane (Wilson, 2003). Given the enhanced
glycolytic flux in Usp30” CTLs (Figure 3.6B, C), the presence of glycolytic enzymes in the
downregulated dataset was surprising. This could highlight either a redundant role for these proteins,
or a high expression that exceeds the glycolytic demand of the cell (Mehta et al., 2018).
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Our analysis showed that the transcription factor eomesodermin (EOMES) and the cytotoxic protein
granzyme B were found among the most highly downregulated proteins in unstimulated Usp30~
CTLs (Figure 3.18B). EOMES regulates the expression of IFNy, granzyme B and perforin in CD8"
T cells (Pearce et al., 2003), while granzyme B is both one of the main cytotoxic components of lytic
granules and one of the most highly expressed proteins in CTLs (Howden et al., 2019; Hukelmann et
al., 2016). These data point to a previously unknown T cell-specific defect in USP30-deficient cells,
where lack of USP30 affects key regulators of CTL cytotoxicity.

We also observed a downregulation of acetylation/methylation factors mediating chromatin
accessibility (OGSH, CSRP2, DLST, PHB2, ACSS2, TET2, BCL3, ALKBHI1) and enzymes
regulating the cholesterol biosynthetic pathway (LSS, LDLR, HMGCS1, RNF145, SREBF2, SC2D,
SC5D, CYP51A1). Cholesterol biosynthesis is essential during CD8" T cell activation due to the
membrane biosynthesis requirement for proliferation (Kidani et al., 2013). In addition, cholesterol
availability influences membrane composition and TCR clustering, thus mediating TCR-dependent
signalling (Bietz et al., 2017). These data suggested that in addition to the loss of mitochondrial and
peroxisomal proteins, lack of USP30 was likely to affect cell proliferation, transcriptional regulation
and cytotoxic potential, decreasing the ability of CTLs to mount an effective response upon antigen

recognition.

Notably, a smaller set of proteins was upregulated in unstimulated Usp30~- CTLs (Figure 3.18A, B).
Within this set, we found the autophagy adaptor p62/SQSTMI, the lysosomal amino acid transporter
and mTOR activator SLC38A9, and mediators of lipid droplets formation (BSCL2, PLIN2). In
addition, several upregulated proteins in unstimulated Usp30~- CTLs were found to be markers of ER
stress and involved the integrated stress response. This list included CEBPB, HMOX1, AVIL/DOCS6,
BCL2L11, SLC6A9, NIBANI1, IFRD1, CTH and BBC3.
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Figure 3.18. Proteomic analysis of USP30-depleted CTLs.

(A) Heat map displaying protein copy number in WT and Usp307- CTLs. (B) Volcano plot of upregulated (right
quadrant) and downregulated (left quadrant) proteins in Usp30”~ CTLs compared to WT. Quadrants denote
log,(FC)=1, -1 (vertical lines) and uncorrected p=0.05 threshold (horizontal lines). Coloured dots show mitochondrial
proteins and other hits within the 5% and 10% false discovery rate (FDR) range. The number of proteins with
FDR<10% and log>(FC)>1 or logx(FC)<-1 is indicated in each quadrant. (C) Localisation of downregulated proteins
within <5% FDR in Usp30”- CTLs. The number of proteins in each subcellular compartment is indicated on the pie
chart. (D) Heat map for TCR activated WT and Usp30”~ CTLs. (E) Volcano plot of upregulated and downregulated
proteins in stimulated Usp30” CTLs. Quadrants and colour scheme as in (B). Highlighted proteins are referenced by
gene names in (B) and (E). (F, G) Percentage of mitochondrial ribosomal protein out of total mitochondrial peptides
(F) and cytosolic ribosome protein expression (G) in unstimulated, a-CD3 and 100pug/ml CHX-treated day 5 CTLs.
Error bars=mean +=SD from four independent biological replicates (2 ug protein/sample). Julia M. Marchingo oversaw

the sample processing and conducted the initial peptide analysis and protein copy number quantitation.
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To investigate whether the translational profile of Usp307- CTLs could be altered upon TCR
stimulation, we analysed protein expression in day 5 WT and Usp30~- CTLs stimulated for 4.5h with
a-CD3. As in the unstimulated samples, we observed that the translation defect did not affect all
proteins equally (Figure 3.18D). Many of the additional proteins showing a statistically significant
reduction in expression upon stimulation (FDR<10%) were identified as mitochondrial (75%) and
peroxisomal (2%) proteins (Figure 3.18E) as in the unstimulated samples. Mitochondrial ribosomal
proteins were one of the most depleted subgroups (Figure 3.18F), while cytosolic ribosomes were
not affected by the lack of USP30, indicating that the defect in cytosolic translation in Usp307- CTLs

was not due to defective ribosomal content (Figure 3.18G).

EOMES and granzyme B were still downregulated in stimulated Usp30~- CTLs, together with the
cytokines IFNy and TNFB/LTa, suggesting a further decrease in cytotoxic potential. The polyamine
biosynthesis rate-limiting enzyme ODC1 was also downregulated upon stimulation. Polyamine
biosynthesis is essential for cell proliferation and cytokine production (Puleston et al., 2019) and its
reduction could be mediating the lower abundance of IFNy and TNFp, together with additional
cytokines and chemokines that were found to be significantly downregulated in stimulated Usp30”
CTLs (IL-10, IL-4, TNFSF9, CCL1, CCLA4). Interestingly, while granzyme B expression was reduced
in both basal and TCR-triggered Usp30”- CTLs, granzymes G, E, D and F were all significantly
upregulated in the stimulated dataset. This result pointed to an altered regulation of granzyme

expression in Usp30” CTLs upon activation.

TCR-triggered Usp30”~ CTLs displayed a highly significant upregulation of the exhaustion marker
NR4A1/NUR77. NR4A1 has been described as a crucial player in T cell dysfunction, as it represses
AP-1-mediated transcription and it leads to enhanced expression of exhaustion-associated genes (Liu
et al., 2019). Notably, the NR4AT1 repressor GADD45GIP1 was downregulated in both unstimulated
and stimulated USP30-depleted CTLs.

Taken together, these results suggested that Usp30”- CTLs were subject to an increase in inhibitory
signals (NR4A1 upregulation) and a decrease in cytotoxic molecules (granzyme B, perforin,
cytokines) upon stimulation, which were likely to mediate the killing defect observed in USP30-
depleted CTLs. To confirm the defect in cytotoxic potential in Usp307 CTLs, we independently
assessed the protein expression of TNFa and IFNy in day 5 CTLs before and after stimulation with
a-CD3 (4.5h). Our results showed that cytokine expression was reduced in stimulated Usp307 CTLs
compared to stimulated WT CTLs, therefore confirming the mass spectrometry data (Figure 3.19).
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Figure 3.19. Cytokine synthesis is impaired in Usp30” CTLs.

(A) IFNy synthesis in 2x10° day 5 WT and Usp30~~ CTLs before and after 4.5h a-CD3 stimulation (TCR activation).
(B) Quantitation of IFNy MFI in stimulated CTLs. (C) TNFa synthesis in 2x10° day 5 WT and Usp30~ CTLs before
and after 4.5h a-CD3 stimulation (TCR activation). (D) Quantitation of TNFa MFI in stimulated CTLs. ***=p<0.001

(two-tailed unpaired Student’s t-test). Data representative of at least three independent biological replicates.

3.14 Evidence for selectivity in the downregulation of protein expression in Usp30”~
CTLs

734 proteins with a statistically significant different expression (FDR<10%) in Usp30~~ CTLs
were not known targets of USP30 deubiquitination. These additional proteins could be characterised
by a short half-life and could be more susceptible to a decrease in protein synthesis. Therefore, I
analysed the proteome of CTLs treated with CHX to ask which proteins would be affected by
inhibition of translation. Next, I compared the mass spectrometry data from CHX-treated CTLs to the
dataset obtained from Usp30”~ CTLs to examine whether USP30 depletion affected protein
expression in a similar way as CHX treatment. Both datasets examined day 5 TCR-triggered CTLs.

Little correlation was observed between CHX treatment and USP30 depletion (Figure 3.20A). Only
9% of all proteins showing a statistically significant different expression (FDR<10%) were either

upregulated or downregulated by both USP30 depletion and CHX treatment.

135 proteins were significantly downregulated in both datasets. Several were mitochondrial proteins,
consistent with a requirement for cytosolic translation for their synthesis (D'Souza and Minczuk,
2018). These proteins included subunits of the electron transport chain (NDUFA4, NDUFAS,
NDUFAL11, NDUFAF7, NDUFSS5, NDUFBS5, NDUFB7, UQCRC1, UQCRC?2) but also subunits of

the mitochondrial ribosome and proteins involved in mitochondrial translation (MRPL4, MRPL9,
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MRPL15, MRPL23, MRPL32, MRPS22, MRPS23, MRPS26, MRPS30, CHCHD1, GFM1). This
result highlighted how inhibition of cytosolic protein synthesis could have a downstream effect on

mitochondrial function and specifically translation, as previously reported (Couvillion et al., 2016).

Several cytokines and chemokines showed reduced expression upon both USP30 depletion and CHX
treatment, consistent with their known post-transcriptional regulation (Figure 3.20B) (Salerno et al.,
2017). Among these, 10 were statistically significant in both datasets (FDR<10%) (IL-10, IL-3,
CCL4, CSF2, LTa, LIF, SPP1, TNFSF9, XCL1 and IFNYy). In addition, receptors involved in CTL
signalling showed reduced expression in both datasets (IL4R, CD27, CD166, HAVCR2, ICOS,
SLAMF7 and notably CD3y). LAG3, a cell surface protein associated with T cell exhaustion, was
downregulated in both conditions, together with proteins participating to downstream TCR signalling,
including JAK3 and NDFIP1. The expression of the transcription factors GATA3 and NOTCH1
(involved in T cell differentiation) was also reduced in both Usp30”- and CHX-treated CTLs.

The only statistically significant protein upregulated by both USP30 depletion and CHX treatment
was PTSS2 (Figure 3.20A). PTSS2 is a phosphatidylserine synthase protein enriched at the
membrane contact sites between the ER and mitochondria (Stone and Vance, 2000). Increased
phosphatidylserine expression on the plasma membrane is common in apoptotic lymphocytes (Fadok

etal., 1992), and it might have been caused by loss of homeostasis in Usp30~-and CHX-treated CTLs.

Despite these interestingly similarities, most of the proteomic changes observed in CHX-treated CTLs
did not recapitulate the differences in protein expression detected in Usp307- CTLs. 961 proteins in
USP30-depleted CTLs showed a statistically significant change in expression that was not
recapitulated by CHX treatment, and 383 proteins were significantly affected by CHX treatment but
not by USP30 depletion. As USP30 specifically inhibits mitophagy and pexophagy, it remained
possible that the differentially affected proteins were mitochondrial and peroxisomal proteins that
were selectively impacted by USP30 depletion but not by cycloheximide treatment. However, even
upon exclusion of proteins with a known mitochondrial or peroxisomal localisation (as determined
by KEGG terms), there were still 459 differentially affected proteins in Usp307- CTLs and 360 in
CHX-treated CTLs. Overall, these results suggest that the protein synthesis defect observed in Usp30-
~ CTLs was not equivalent to the acute, non-specific inhibition of translation induced by
cycloheximide treatment. Reduction in cytosolic protein synthesis in USP30-depleted CTLs had a
more selective effect than CHX on protein expression, and encompassed additional proteins beyond

USP30’s canonical mitochondrial and peroxisomal targets.
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Figure 3.20. Comparison of protein expression in USP30-depleted and CHX-treated CTLs.

(A, B) Proteomes of stimulated (4h a-CD3) day 5 CTLs from Usp30”- CTLs compared with WT CTLs, and WT
CTLs in which cytosolic translation was inhibited by 100pug/ml CHX compared with untreated CTLs. Comparison
of effect sizes emphasises a selective downregulation of protein synthesis in Usp30”~ CTLs, with only partial overlap
with the effects of CHX treatment. Dashed lines correspond to log>(FC)=0. Coloured dots show proteins within the
10% false discovery rate (FDR) in the Usp30~ vs WT dataset (light blue) and in the CHX vs untreated dataset (green).
Magenta-labelled dots indicate proteins within the 10% FDR common to both datasets. (B) displays the same dataset
as in (A), with cytokines highlighted in red and labelled by gene name. Data representative of four independent
biological replicates (2 pg protein/sample).
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3.15 Analysis of PINK1/PARKIN expression in CTLs

USP30 has been described as a negative regulator of both PINK1/PARKIN-induced mitophagy
and PEX2-induced pexophagy (Bingol et al., 2014; Riccio et al., 2019). The results presented in this
Chapter indicated that Usp30~~ CTLs showed increased degradation of both mitochondria and
peroxisomes. Loss of mitochondria was the most prominent defect on day 5 post-stimulation, when
killing and translation also exhibited a marked reduction. To test whether the immunodeficiency
observed in USP30-depleted CTLs was caused by mitochondria or peroxisomes, I aimed to
downregulate mitophagy by inhibiting PINK1 expression. The kinase PINK1 bears a mitochondrial
localisation signal that induces its translocation into the mitochondrial matrix, where PINK1 is
cleaved by mitochondrial proteases and then released in the cytosol for proteasomal degradation
(Greene et al., 2012; Jin et al., 2010; Yamano and Youle, 2013). Loss of mitochondrial membrane
potential prevents PINK1 translocation and results in its stabilisation on the OMM. Here, PINK1
recruits the E3 ligase PARKIN, which promotes ubiquitylation of substrates on the OMM, thus
triggering mitophagy (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2008; Narendra et
al., 2010; Vives-Bauza et al., 2010).

As Usp307- CTLs show loss of mitochondrial membrane potential and increased mitophagy, I asked
whether this also induced PINK1 upregulation, as observed in other cell types after mitochondrial
membrane potential dissipation (Lin and Kang, 2008). Neither PINK1 nor PARKIN peptides were
detected in the mass spectrometry of either unstimulated or TCR-activated WT and Usp307- CTLs.
This suggested that either these proteins were present at a very low copy number and fell below the

mass spectrometry detection threshold, or that they were not expressed in CTLs.

Next, I interrogated the database provided by the Immunological Proteome Resource (ImmPRes,
http://immpres.co.uk/), a comprehensive dataset of the murine cell proteome including CD4" T cells,

CDS8" T cells and NK cells. Neither PINK1 nor PARKIN expression were listed in the lymphocyte

proteomes provided by this dataset. Therefore, PINK1 is unlikely to be easily detectable by mass
spectrometry in CTLs.

To rule out a technical limitation of the mass spectrometry peptide analysis, I aimed to measure
PINK protein levels by immunoblot to compare its expression between WT and Usp30~- CTLs.
Antibodies against mouse and human PINKI could not detect any specific band with altered
expression in Usp30~~ CTLs (Figure 3.21A, B). As PINKI accumulation occurs on mitochondria
(Lin and Kang, 2008), the lack of PINKI upregulation could be caused by the reduction in
mitochondrial structures observed in day 5 Usp307- CTLs (Figure 3.3-3.5). To test this further, I
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treated both WT and Usp30~~ CTLs with FCCP to induce mitochondrial depolarisation and allow for
PINKI stabilisation. FCCP treatment did not upregulate the expression of any of the bands observed
in untreated CTLs (Figure 3.21C), regardless of the presence (WT) or absence (Usp307) of

mitochondrial structures.
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Figure 3.21. PINK1 expression in day 5 CTLs.

(A, B) Immunoblots of day 5 WT and Usp30” CTLs (3.33 pg lysate/sample) in basal, stimulated (a-CD3) and
cycloheximide-treated (100pg/ml) conditions. PINK1 expression was probed using two different antibodies
(A=Novus, B=Abcam) raised against human PINK1. (C) PINK expression analysed by Western blot in day 5 WT
and Usp30~~ CTLs (3.33 pg lysate/sample) either left untreated or treated with 10 uM FCCP for 2h (Abcam antibody).

Data representative of two independent biological replicates.

While these results could indicate that PINK1 peptides are not easily detected by CTL mass
spectrometry or that the antibodies I used were not specific to mouse PINKI1, it is also possible that
PINK1 is not expressed in CTLs. Early studies of PINK1 and PARKIN showed little to no mRNA
detection by Northern blot analysis of human samples from the spleen and the thymus (Kitada et al.,

1998; Unoki and Nakamura, 2001).

Next, I focused on the E3 ligase PEX2, whose ubiquitinating activity is counteracted by USP30 on
peroxisomes (Riccio et al., 2019). PEX2 peptides were not found in our mass spectrometry datasets.
Furthermore, PEX2 expression was also not detected in neither naive T cells nor in TCR-triggered

activated CD8" T cells in the ImmPRes database. Taken together with the lack of PINKI1 and
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PARKIN detection by mass spectrometry and immunoblot, these results argued against the feasibility
of targeting PINK 1 and PEX2 expression to inhibit mitophagy and pexophagy in Usp30”- CTLs.

3.16 Preventing mitophagy in Usp30~ rescues killing and translation defect

To circumvent the lack of reliable targets to oppose mitophagy and pexophagy in USP30-depleted
CTLs, I targeted mitochondrial fission to modulate mitophagy. Fission of mitochondrial membranes
is arequired step for their engulfment by the autophagosome (Twig et al., 2008), and impairing fission
precludes mitochondrial degradation. I used the fission inhibitor mDIVI-1 and the fusion promoter
M1 to induce mitochondrial elongation and prevent fission in Usp30”- CTLs, as previously done in
CD8" T cells (Buck et al., 2016). WT cells were treated in parallel to observe the effects of mitophagy
depletion in effector CTLs in order to account for any toxic effect that could be caused by the lack of

removal of damaged mitochondria.

WT and Usp30”~ CTLs were treated for 6h, 24h or 48h (treatment started on day 5, 4 and 3 post-
stimulation, respectively). TOM20 expression was analysed by Western blot as a marker of
mitochondrial abundance (Figure 3.22A). While the 6h incubation had no effect, mDIVI-1 and M1
increased TOM20 expression in WT CTLs treated for 24h and 48h. Inhibiting mitochondrial fission
for 6h or 24h did not rescue TOM20 expression in day 3 Usp30” CTLs. By contrast, a moderate yet
reproducible upregulation in TOM20 abundance was observed in Usp30~- CTLs treated for 48h. This
result indicated that while lost mitochondrial mass could not be retrieved in USP30-depleted CTL,
the loss itself could be prevented by treating Usp30~- CTLs on day 3, before the onset of mitochondria

degradation.

To test whether the mDIVI-1+M1 treatment affected TOM20 expression without resulting in
increased mitochondrial abundance, I used immunofluorescence to detect the expression of the
mitochondrial matrix marker PDH. Day 5 WT and Usp30~- CTLs were treated with mDIVI-1 and
M1 for 6h, 24h and 48h as detailed above. Similarly to TOM20 expression, PDH signal was rescued
in day 5 and Usp30~- CTLs that had been treated with mDIVI-1 and M1 before the onset of mitophagy
(day 3, 48h treatment) (Figure 3.22B). Overall, these results validated the use of the mDIVI-1+M1

pharmacological treatment to rescue the loss of mitochondrial mass in Usp30~- CTLs.
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Figure 3.22. mDIVI-1+M1 treatment rescues mitochondrial depletion in Usp30~ CTLs.

Usp30*

(A) Immunoblot showing TOM20 expression in day 5 WT and Usp30~ CTLs (3.33 pg lysate/sample) upon treatment
with 10 uM mDIVI-1 (mitochondrial fission inhibitor) and 20 uM M1 (mitochondrial fusion promoter) for 6h, 24h
and 48h. Treatment started on day 5 (6h), day 4 (24h) and day 3 (48h) post-stimulation. (B) Immunofluorescence in
day 5 WT and Usp30" CTLs treated as in (A) (4.5x10* CTLs/sample). Red fluorescence indicates PHD expression
(mitochondrial matrix) in all samples. Scale bars = 10 um. Data representative of three independent biological

replicates.

As inhibiting mitochondrial fission prevented mitophagy, I tested whether the restored mitochondrial
abundance in Usp30”~ would affect CTL killing. CTLs were treated with mDIVI+M1 for 6h, 24h and
48h and incubated with target cells. WT CTL killing was improved after all treatments (Figure 3.23).
Inhibiting mitochondrial fission for 6h did not affect killing in Usp307- CTLs. However, prolonged
treatment improved Usp30~- CTL killing, with USP30-depleted CTLs killing as efficiently as treated
WT CTLs after 48h of mDIVI and M1 treatment.
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Figure 3.23. mDIVI-1+M1 treatment rescues cytotoxicity in Usp30~ CTLs.

(A-C) Long-term (14h) killing assays with day 5 WT and Usp30” CTLs treated with 10 uM mDIVI-1 and 20 pM
M1 for (A) 6h, (B) 24h and (C) 48h. Treatment started on (A) day 5, (B) day 4 and (C) day 3 post-stimulation.
CTL:target ratio=1:1 (4x10* targets and 4x10* CTLs per sample). Error bars represent mean values +SD of one

representative experiment. Data representative of at least three independent biological replicates.

Given the requirement for cytosolic translation to sustain CTL killing (Figure 3.17C), 1 asked
whether the restored killing in Usp30”~ CTLs could be due to enhanced protein synthesis. I
supplemented CTL culture media with HPG to monitor de novo protein synthesis in unstimulated and
stimulated (a-CD3) CTLs treated with mDIVI-1 and M1 for 6h, 24h and 48h (Figure 3.24 A-C).
Short-term treatment (6h) did not affect cytosolic translation in day 5 WT or Usp30”~ CTLs.
Prolonged inhibition of mitochondrial fission in WT CTLs only modestly increased the percentage
of highly translating CTLs. By contrast, blocking mitochondrial fission in Usp30~- CTLs for 48h
dramatically improved translation efficiency, indicating that preventing unrestricted mitochondrial
degradation can restore cytosolic protein synthesis. TCR activation in day 5 USP30-depleted CTLs
treated with mDIVI+MI1 for 48h further enhanced HPG incorporation.

Prolonged treatment with inhibitors of mitochondrial fission increased killing and translation in both
WT and Usp30”~ CTLs, suggesting that these cells might have a higher cytotoxic potential. Forcing
mitochondrial fusion skews T cells towards a memory phenotype, altering T cell longevity and
metabolism (Buck et al., 2016). I assessed granzyme B and perforin expression in day 5 WT and
Usp307- treated with mDIVI-1+M1 to ask whether the enhanced cytotoxicity was due to upregulation
of these proteins. Although mDIVI-1+M1 treatment allowed for granzyme B and perforin abundance
to be equivalent in 48h-treated WT and Usp30~- CTLs, the expression of these cytolytic proteins was
downregulated in both samples compared to untreated WT CTLs (Figure 3.24 D, E). These results

could be consistent with differentiation towards a memory T cell phenotype. In fact, while memory
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T cells are still able to exert cytotoxic activity, reduced expression of granzyme B and perforin in

memory versus effector T cells has been previously observed (Kaech et al., 2002; Sallusto et al.,

1999).
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Figure 3.24. mDIVI-1+M1 treatment enhances translation but does not upregulate cytolytic protein synthesis.

(A-B) HPG incorporation measuring de novo protein synthesis in 2x10° day 5 (A) WT and (B) Usp30”- CTLs treated
with 10 pM mDIVI-1 and 20 uM M1 for 6h, 24h and 48h (treatment started on day 5, 4 and 3 post-stimulation,
respectively). CTLs were stimulated with a-CD3 for 1h to mimic TCR triggering. Control samples were treated with
cycloheximide (CHX) to inhibit cytosolic translation. Vertical dashed line shows the position of the gate used to
quantify high HPG incorporation. (C) Quantitation of CTLs displaying high HPG incorporation as determined by the
vertical dashed lines in (A, B). Error bars represent mean values £SD of one representative experiment. ***=p<0.001,
**=p<0.01, *=p<0.05, ns=not significant. (D, E) Immunoblots for (D) perforin (PRF1) and (E) granzyme B (GZMB)
inday 5 WT and Usp30” CTLs treated as in (A-C) (3.33 pg lysate/sample). Immature (1), intermediate (2) and mature
(3) forms of perforin are indicated. Newly synthesised granzyme B is labelled by (*). Data representative of at least

three independent biological replicates.
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The increase in cytotoxicity observed in mDIVI+M]-treated WT and Usp30”~ CTLs was not due to
upregulation of either granzyme B or perforin. This observation suggested that a granzyme
B/perforin-independent killing pathway could be at play in CTLs in which mitochondrial fission was
inhibited. To account for potential off-target effects that might influence the readings of the
cytotoxicity assay, I measured proliferation of untreated CTLs compared to WT and Usp30”- CTLs
treated with mDIVI-1 and M1 for 6h, 24h and 48h. In addition, I analysed proliferation of target cells
that were either left untreated or treated with mDIVI-1+M1 for the duration of the killing assays.
Prolonged treatment promoted T cell proliferation in both WT and Usp30~- CTLs (Figure 3.25A),
while target cell proliferation was unaffected (Figure 3.25B). Taken together, these results indicated
that enhanced killing upon mDIVI+M1 treatment might have occurred as a consequence of increased
T cell numbers, and therefore overall cytotoxic potential, rather than to upregulation of cytolytic

molecules within individual CTLs.
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Figure 3.25. mDIVI-1+M1 treatment promotes CTL proliferation.

(A) Day 5 WT and Usp30” CTL proliferation during killing assays as in (A-C) upon treatment with 10 uM mDIVI-
1 and 20 uM M1 for 6h, 24h and 48h (treatment started on day 5, 4 and 3 post-stimulation, respectively). (B) P815
target cell proliferation in untreated and treated (mDIVI-1+M1) conditions. Error bars represent mean values £SD of
one representative experiment (4x10* targets and 4x10* CTLs per sample). Data representative of at least three

independent biological replicates.
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3.17 Summary

The analysis of Usp30”~ murine splenocytes revealed that despite the role of USP30 in
mitochondrial maintenance, USP30-deficient T cells developed normally and were found in WT-like
ratios in the spleen. Naive Usp307 CTLs could undergo normal activation upon TCR crosslinking.
USP30 was only required in T cells after activation, as Usp30”~ CTLs lost mitochondria and

peroxisomes 5-7 days after stimulation.

I found that loss of USP30 did not impair T cell migration nor TCR-derived signalling, but it affected
translation efficiency and the cytolytic potential of CTLs. De novo protein synthesis was shown to be
required to sustain prolonged killing. Lack of efficient translation negatively affected the production
of granzymes, perforin and cytokines, which impaired killing after the existing reserves of these
proteins had been exhausted. Intriguingly, acute inhibition of cytosolic translation with
cycloheximide only partially recapitulated the differences in protein expression observed in Usp30”
CTLs. This suggested that lack of USP30 resulted in selective protein downregulation, which was not

restricted to mitochondrial and peroxisomal proteins.

Treatment with inhibitors of mitochondrial fission (mDIVI-1 and M1) showed that preventing
mitochondrial degradation was sufficient to improve killing and translation in Usp30” CTLs.
Restored killing was not due to upregulation of granzyme B and perforin, suggesting that the increase
in translation affects other proteins. Interestingly, mDIVI-1+M1 treatment promoted CTL

proliferation, which could contribute to augmented cytotoxicity.

Overall, these data pointed to a requirement for USP30 and mitochondria in CTL homeostasis by
allowing for efficient cytosolic protein synthesis, which supported sustained cytotoxicity by ensuring

adequate expression of cytolytic proteins.
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CHAPTER 4

Examination of mitochondrial and peroxisomal functions reveals a

requirement for mitochondrial translation in CTL cytotoxicity
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4.1 Background

USP30 is a negative regulator of mitophagy and pexophagy, and loss of USP30 results in aberrant
degradation of mitochondria and peroxisomes (Bingol et al., 2014; Marcassa et al., 2018; Nakamura
and Hirose, 2008; Riccio et al., 2019). In Chapter 3 I showed that naive Usp30”~ CD8" T cells
exhibited similar mitochondrial mass and membrane potential as WT CD8" T cells. Activation by
TCR triggering allows for differentiation into effector CD8" T cells with cytotoxic capacity. Usp30-
~ CTLs showed a marked loss of mitochondria by day 5 and a reduction in peroxisomes by day 7
post-stimulation, consistent with increased mitophagy and pexophagy. The onset of mitophagy by
day 5 post-stimulation correlated with a defect in cytosolic protein synthesis, which ultimately
impaired sustained killing by depriving Usp30”- CTLs of key cytolytic proteins. Pharmacological
inhibition of mitochondrial fission prevented mitophagy and rescued killing capacity and translation
in day 5 Usp30” CTLs. Taken together, these results suggested that precluding mitochondrial
degradation was sufficient to rescue the defect in cytotoxicity caused by USP30 depletion.
Nevertheless, the involvement of peroxisomes was not entirely ruled out. In addition, it remained
unclear whether the loss of cytotoxicity was due to the complete degradation of mitochondria, or
whether a specific mitochondrial function was required to sustain cytosolic translation and CTL

killing.

4.2 Metabolic defects in peroxisomes alter mitochondrial function

As both mitophagy and pexophagy are upregulated in Usp307 CTLs, I aimed to test whether a
decrease in peroxisomal mass could affect CTL function without the simultaneous loss in
mitochondrial content observed in Usp30”~ CTLs. PEX16 is a membrane protein localised on
peroxisomes and involved in their biogenesis (Honsho et al, 1998; Kim et al., 2006b).
Immunoblotting showed a band for PEX16 running slightly above 25 kDa in lysates from murine
CTLs, consistent with the indications provided by the antibody manufacturer (Figure 4.1A). To test
whether it would be possible to manipulate PEX16 expression, I performed CRISPR/Cas9-mediated
gene knockout (KO). The Cas9 protein, tractrRNA and guide crRNAs were introduced in CTLs by
nucleofection, an electroporation-based method which allows for efficient gene deletion in primary
human T cells (Schumann et al., 2015). Control samples were either nucleofected in the absence of
CRISPR reagents (nucleofection control) or with Cas9, tracrRNA and non-targeting guide crRNA
(non-targeting control) to evaluate potential off-target effects caused by the nucleofection procedure

or by the introduction of CRISPR reagents in CTLs. PEX16 protein abundance was assessed in day
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7 CTLs, four days after the CRISPR KO was performed. Genetic deletion of Pex/6 in activated CTLs

was unsuccessful (Figure 4.1A).

Next, I focused on fatty acyl-CoA reductase 1 (FAR1), which was highlighted as a potential regulator
of CTL killing in a separate screen performed as an extension of the 31 project by Philippa Barton
(Abeler-Dorner et al., 2020). FAR1 is a peroxisomal protein that catalyses fatty acid reduction, thus
playing a role in lipid biosynthesis (Cheng and Russell, 2004). It is important to note that lipid
oxidation takes place in both peroxisomes and mitochondria, thus metabolically coupling these two
organelles (Wanders et al., 2015). Furthermore, defects in peroxisome assembly and functionality can
result in altered mitochondrial morphology and function (Baes and Van Veldhoven, 2012;

Goldfischer et al., 1973).

Given this metabolic crosstalk between mitochondria and peroxisomes, I investigated whether
deletion of Farl could affect mitochondria. To this end I isolated WT and FarI”~ naive T cells and I
activated them in vitro as previously described (Figure 3.2A; Material and Methods). Differentiated
CTLs were stained with MitoTracker Deep Red and TMRE on day 5 post-activation to quantitate
mitochondrial mass and mitochondrial membrane potential. Interestingly, both of these parameters
showed alterations in Farl”- CTLs (Figure 4.1 B-E). FAR1 depletion reproducibly resulted in
mitochondria displaying a bimodal distribution of mitochondrial mass (Figure 4.1B) although
quantitation of CTLs displaying either low or high Mitotracker Deep Red signal did not reveal
significant differences in the percentage of cells found in each population (Figure 4.1C).
Furthermore, mitochondrial membrane potential was increased in Farl”- CTLs as measured by
TMRE (Figure 4.1D, E). These results suggested that alterations in peroxisomal metabolic processes
can perturb mitochondrial function and indicated that FarI”- mice were not suitable to selectively

study the impact of peroxisomal defects in CTLs.
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Figure 4.1. Testing depletion of peroxisomal function in CTLs.

(A) Immunoblot showing PEX16 protein expression in controls (nucleofection and non-targeting controls) and in
CTLs nucleofected with guide crRNA for Pex/6. Data representative of two independent biological replicates (3.33
ug lysate/sample). (B) Flow cytometry analysis of mitochondrial mass in day 5 WT and Farl”-CTLs (10° CTLs per
sample). Vertical dashed lines denote the position of the gates used to calculate the percentages of CTLs expressing
low or high MitoTracker signal. (C) Quantitation of Mitotracker Deep Red low and high populations as shown in
(B). (D) Flow cytometry analysis of mitochondrial membrane potential in day 5 WT and FarI”-CTLs (10° CTLs per
sample). Vertical dashed lines denote the position of the gates used to calculate the percentages of CTLs expressing
low or high TMRE signal. (E) Quantitation of TMRE low and high populations as shown in (D). Plots show the

average of four biological replicates £SD. *=p<0.05, ns=not significant (two-tailed unpaired Student’s t-test).
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4.3 Mitochondrial oxidative phosphorylation: Ndufs4”~ and Ttc19”~ mice

The protein synthesis and killing defects observed in Usp30”~ CTLs occurred as mitochondria
were lost after T cell activation, and preventing mitochondrial degradation was sufficient to rescue
translation and cytotoxicity (Figure 3.22-24). However, it remained unclear whether this was merely
due to a surge in mitochondrial mass or whether a specific mitochondrial function was required to
sustain CTL killing. USP30-depleted CTLs showed a marked reduction in OXPHOS (Figure 3.6A).
While oligomycin treatment does not impair CTL proliferation (Chang et al., 2013), it is not known
whether OXPHOS deficiency can affect translation and killing capacity. Therefore, I analysed CD8"
T cells derived from two murine models of deficient OXPHOS: the Ndufs4”- and Ttcl19”~ mice.
NDUFS4 is a subunit of complex I required for its stability (Petruzzella et al., 2001), while TTC19 is
an assembly factor participating in complex III biogenesis (Bottani et al., 2017). Genetic deletion and
mutations in Ndufs4 and Ttc19 can decrease OXPHOS by inhibiting the activity of the ETC (Ghezzi
etal., 2011; Kruse et al., 2008).

Mitochondrial dysfunction has been linked to defects in T cell development (Corrado et al., 2021;
Ramstead et al., 2020; Sena et al., 2013; Simula et al., 2018). Therefore, I first tested whether lack of
NDUFS4 or TTC19 could lead to alterations in the T cell populations found in the spleen. To this
end, I measured the percentages of CD4" and CD8" T cells, regulatory T cells (CD4", FOXP3"), and
naive (CD44"°%, CD62L"eM), central memory (CD44"e" CD62LMeM) and effector memory (CD44Meh,
CD62L") T cells in both the CD4* and CD8" populations (Figure 4.2). Neither NDUFS4 nor TTC19
depletion affected the percentages of CD4" and CD8" T cells in the spleen. Regulatory, naive, central
memory and effector memory T cells within both the CD4" and CD8" populations were also found
in similar percentages in Ndufs4”- and Ttc19” splenocytes when compared to their WT counterparts.
Overall, these results indicated that depletion of neither NDUFS4 nor TTC19 resulted in alterations

in T cell populations in murine spleens.
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Figure 4.2. Analysis of Ndufs4”~ and Ttc19” splenocytes.

(A) CD4*/CD8" ratio in WT and Ndufs4” splenocytes. (B) CD4* and CD8" naive (CD62L"e" CD44°%), central
memory (CD62L"e" CD44"e") and effector memory (CD62L"Y, CD44hieh) T cell populations in WT and Ndufs4”
splenocytes. (C) Regulatory T cells (CD4*, FOXP3*) in WT and Ndufs4”" splenocytes. (D) CD4*/CD8" ratio in WT
and Ttc19” splenocytes. (E) CD4" and CD8" naive (CD62Lhig" CD44!°%), central memory (CD62LM¢" CD44"eh) and
effector memory (CD62LY, CD44"eh) T cell populations in WT and Ttc19” splenocytes. (F) Regulatory T cells
(CD4*, FOXP3") in WT and Ttc19” splenocytes. (G-K) Quantitation of (G) CD4*, (H) CD8", (I) regulatory T cells,
(J) total CD4" and (K) CD8* populations (naive, central memory, effector memory) in WT and Ndufs4”~ splenocytes.
(L-P) Quantitation of (L) CD4", (M) CD8", (N) regulatory T cells, (O) total CD4" and (P) CD8" populations (naive,
central memory, effector memory) in WT and Ttcl9” splenocytes. Note the different gating strategy in B, E
(determined by the respective controls in each independent experiment) leading to different percentages of CD4" T
cell subsets in J, O. Plots show the average of three biological replicates (10° splenocytes/sample) £SD. ns = not

significant (two-tailed unpaired Student’s t-test).

Complexes I-IV of the ETC drive proton transport in the mitochondrial intermembrane space,
generating membrane potential (Mitchell and Moyle, 1965). Given the respective roles of NDUFS4
and TTC19 in the assembly of complex I and complex III, I asked whether depletion of either of these
two proteins could result in a decrease in mitochondrial membrane potential. In addition, as loss of
mitochondrial membrane potential can trigger mitochondrial degradation (Narendra et al., 2008), I
asked whether mitochondrial abundance was affected in NDUFS4- and TTC19-deficient T cells.
MitoTracker Deep Red and TMRE were used to respectively measure mitochondrial mass and
membrane potential in unstimulated (day 0 splenocytes) and in vitro activated Ndufs4”- and Ttc19”
CTLs (day 3, 5 and 7 post-stimulation). Loss of NDUFS4 (Figure 4.3 A-D) or TTC19 (Figure 4.3
E-H) caused little to no alteration in MitoTracker Deep Red or TMRE signal, suggesting that

mitochondrial mass and membrane potential are maintained in Ndufs4”~ and Ttc19”- CTLs.
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Figure 4.3. Loss of NDUFS4 or TTC19 does not affect mitochondrial mass and membrane potential.

(A-D) Time course of mitochondria labelled with (A, B) MitoTracker Deep Red and (C, D) TMRE in WT and Ndufs4"
naive CD8" T cells (day 0) as they mature into CTLs after stimulation (day 3-7). Plots in (B, D) quantitate MitoTracker
and TMRE MFI in (A, C) respectively and display average +SD of three biological replicates. (E-H) Time course of
mitochondria labelled with (E, F) MitoTracker Deep Red and (G, H) TMRE in WT and Tt¢c19” naive CD8" T cells (day
0) as they mature into CTLs after stimulation (day 3-7). Plots in (F, H) Plots in (B, D) quantitate MitoTracker and TMRE
MFI in (E, G) respectively and show average +SD of two biological replicates (day 0: 10° splenocytes/sample; days 3-7:
10° CTLs/sample).
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Next, NDUFS4- and TTC19-deficient CTLs (5 days after activation) were assayed for their ability to
recognise and kill target cells. LAMP1degranulation and target cell killing were similar in WT and
KO samples (Figure 4.4 A-F), suggesting that loss of either NDUFS4 or TTCI19 did not affect

cytotoxicity.

Overall, these results suggested that defects in complex I or complex III assembly did not affect
mitochondrial nor CTL function as indicated by mitochondrial mass, membrane potential,
degranulation and CTL killing capacity. Nevertheless, it remained possible that the loss of NDUFS4
and TTC19 did not affect ETC assembly in CTLs. In order to determine the severity of the OXPHOS
deficiency in CTLs in these models, I assayed mitochondrial respiration using a Seahorse assay
(Figure 4.4G, H). Measuring OCR in day 5 Ndufs4”- and Ttc19”- CTLs revealed that basal OXPHOS
was only moderately diminished compared to WT CTLs. Moreover, while maximal OCR was
decreased in Ndufs4”- CTLs, indicating loss of spare respiratory capacity (Figure 4.4G), maximal
OCR was unchanged in CTLs lacking TTC19 (Figure 4.4H). Furthermore, glycolysis was
unperturbed in both Ndufs4”~ and Ttc197- CTLs as indicated by ECAR values (Figure 4.4 I, J). Given
the increased reliance of CTLs on glycolysis (Menk et al., 2018), the differences in OCR between
WT, Ndufs4” and Ttc19”~ may be less apparent in CTLs than in other tissues or cell types.

As neither the Ttc19”~ nor the Ndufs4”- mouse models provided complete inhibition of basal
mitochondrial respiration, I employed the same pharmacological treatments used in the Seahorse
assay (FCCP, oligomycin, rotenone and antimycin A) to test the role of OXPHOS in CTL killing.
This allowed for independent assessment of the contribution of mitochondrial membrane polarisation
(FCCP), complex V (oligomycin), complex III (antimycin A) and complex I (rotenone) to
cytotoxicity (Cunarro and Weiner, 1975; Heytler and Prichard, 1962; Lardy et al., 1958; Lindahl and
Oberg, 1961; Potter and Reif, 1952). To mirror the conditions tested in the Seahorse assay, the effect
of the combined rotenone and antimycin A treatment was also assessed. None of these
pharmacological treatments inhibited cytotoxicity in day 5 WT CTLs (Figure 4.4K), suggesting that
efficient OXPHOS was not required to sustain CTL killing. Of note, the high concentration of glucose
in RPMI 1640 (10 mM) might have masked the contribution of OXPHOS to CTL killing by enabling
an increased reliance on glycolysis. Supplementing the killing assay media with lower concentrations

of glucose could clarify whether OXPHOS is required for CTL cytotoxicity in a physiological setting.
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Figure 4.4. Efficient OXPHOS is not required for CTL killing.
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(A) Histograms representing surface LAMP1 fluorescence intensity in WT and Ndufs4”- CTLs before and after TCR
stimulation (2x10° targets and 2x10° CTLs per sample). (B) Quantitation of LAMP1 MFI in WT and Ndufs4”~ CTLs.
(C) Histograms representing surface LAMP1 fluorescence intensity in WT and Ttc197 CTLs before and after TCR

stimulation (2x10° targets and 2x10° CTLs per sample). (D) Quantitation of LAMP1 MFI in WT and Ttc19”~ CTLs.

ns=not significant (unpaired two-tailed Student’s t-test). (E, F) Long-term (10h) killing assays showing percentage of
target cell lysis over time (CTL:target ratio, 10:1) with (E) WT and Ndufs4”~ and (F) WT and Ttcl19” CTLs (4x10°
targets and 4x10* CTLs per sample). (G, H) Mitochondrial respiratory capacity indicated by oxygen consumption rate
(OCR) in (G) WT and Ndufs4”- and (H) WT and Ttc197 CTLs (3x10° CTLs per sample) treated with 1pM oligomycin
A, 1uM FCCP, 0.5uM rotenone and 0.5uM antimycin A. (I, J) Glycolytic flux measured by extracellular acidification
rate (ECAR) in (I) WT and Ndusf4”- and (J) WT and Ttc19”- CTLs (3x10° CTLs per sample) treated as in (G, H). (K)
Long-term (10h) killing assays showing percentage of target cell lysis over time (CTL:target ratio, 1:1) with WT CTLs

treated with inhibitors of the electron transport chain (4x10* targets and 4x10* CTLs per sample). Error bars in (B, D

and E-J) display the average =SD of at least two biological replicates, while error bars in (K) represent average +SD

of technical replicates within one experiment, representative of two biological replicates.
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4.4 Mitochondrial calcium flux: MCU CRISPR knockout CTLs

Calcium flux plays an important role in CTL signalling (Schwarz et al., 2013), and mitochondria
localisation at the IS has been suggested to sustain calcium flux in CD4" T cells (Quintana et al.,
2006). The mitochondrial calcium uniporter (MCU) mediates calcium influx into mitochondria
(Baughman et al., 2011; De Stefani et al., 2011), while the Na*/Ca?" exchanger protein NCLX has

been reported to act as the channel mediating calcium export (Palty et al., 2010).

To test whether mitochondrial calcium flux could sustain CTL cytotoxicity, I aimed to modulate the
expression of MCU and NCLX by performing CRISPR/Cas9-mediated gene deletion via
nucleofection. Immunoblotting revealed the presence of several bands for NCLX (expected molecular
weight = 55 kDa, 70 kDa), none of which was affected by CRISPR KO (Figure 4.5A). By contrast,
immunoblotting for MCU showed a band at the expected molecular weight and reduced MCU protein
expression four days after CRISPR KO (Figure 4.5B). Complete loss of MCU could not be achieved,
either because of the stability of pre-formed MCU protein or because complete MCU knockout was

not compatible with viability.

Next, I assessed whether MCU deficiency would affect intracellular calcium flux in CTLs. I used the
ratiometric calcium probe INDO-1 to measure intracellular calcium concentration in unstimulated,
TCR-triggered, and ionomycin-treated CTLs. Calcium flux in non-nucleofected samples and in CTLs
nucleofected with either no CRISPR reagents (nucleofection control) or non-targeting guide RNA
(non-targeting control) was also monitored. The starting concentration of intracellular calcium was
equivalent in all samples, and it showed a similar increase in control and Mcu CRISPR KO CTLs
after both TCR crosslinking and ionomycin treatment (Figure 4.5C). This result indicated that lack
of MCU did not affect intracellular calcium concentration in CTLs, although it remained possible that
the residual MCU expression in CRISPR KO samples was sufficient for mitochondrial calcium flux

to proceed unperturbed.

Cytotoxicity was measured in control and Mcu CRISPR KO samples, and no defects were observed
(Figure 4.5D). Interestingly, nucleofected controls showed a minor yet reproducible increase in
killing compared to non-nucleofected CTLs. The Mcu CRISPR KO CTLs killed as efficiently as the
non-nucleofected CTLs. Taken together, these results suggested that a decrease in MCU expression

was not sufficient to substantially impair CTL cytotoxicity.

116



> >
i & &
,QQ .Qo-’ QQ_
& & 9
@ & Q>
\Q’O "D +0 .OQ (‘}\\ (}g\ \k_o
g & & & o o @
ST # &K
75 kDa- N Qo &
S wme | NCLX & & Q’,@; \)éZ—
¢
50 kDa- SRR R
37 kDa- 30 kD2 s s s MCU
42 KDa| e e e e | £-actin
37 kDa-| e g ¥ | 3-actin
& 100
—— No nucleofection Nucleofection ctrl ]
- Non-targeting ctrl - Mcu CRISPR KO
80 Fr
. [2]
o 2.0 lonomycin D
3 TCR =
‘§1.5_ crosslink 8 607
ct.m GEJ’ -+ No nucleofection
© 1.0 I 407 Nucleofection ctri
= :\3 —— Non-targeting ctrl
3 05 201 -~ Mcu CRISPR KO
8o
‘t'm
Coo+—b—--—-r-—-+-—"-+—""—"7 o<1
O @ & & q,@ r;§°° ‘b@ “;00 ® QN LD X D A D OO NG

Time (seconds) Time (hours)

Figure 4.5. Optimal MCU expression is not required for CTL calcium flux nor killing.

(A, B) Immunoblot showing (A) NCLX and (B) MCU protein expression in WT CTL controls (nucleofection and
non-targeting controls) and in CTLs nucleofected with guide crRNA for (A) Nclx and (B) Mcu (3.33 pg
lysate/sample). (C) INDO-1 calcium assay indicating changes in intracellular calcium concentration in control and
Mecu CRISPR KO CTLs before (t=0-60s) and after TCR crosslinking (t=60s) or ionomycin addition (t=300s) (10°
CTLs/sample). (D) Long-term (10h) killing assay displaying percentage of target cell lysis over time (CTL:target
ratio, 10:1) with control and Mcu CRISPR KO CTLs (4x10° targets and 4x10* CTLs per sample). Error bars indicate
average +SD of technical replicates in one representative experiment. Data representative of (A, C) 2 or (B, D) three

independent biological replicates.
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4.5 Analysis of mitochondrial protein synthesis in WT and Usp30”~ CTLs

Mitochondria possess their own transcriptional and translational machinery, which allows for the
synthesis of 13 proteins, 22 tRNAs and 2 rRNAs, while the rest of the mitochondrial genome is
encoded in the nucleus (D'Souza and Minczuk, 2018). The efficiency of mitochondrial translation
can be selectively analysed by inhibiting cytosolic ribosomes using cycloheximide (Obrig et al., 1971;
Schneider-Poetsch et al., 2010), which leaves mitochondrial protein synthesis unaffected (Clark-

Walker and Linnane, 1966).

I tested whether mitochondrial translation could be measured by flow cytometry by assessing HPG
incorporation in day 5 WT and Usp30”- CTLs that were either untreated or incubated with CHX. As
previously shown (Figure 3.16B, C), untreated WT CTLs could incorporate HPG more efficiently
than untreated Usp307 CTLs, indicating inhibition of cytosolic protein synthesis upon USP30
depletion (Figure 4.6A, B). By contrast, HPG fluorescence was barely above the unstained control
in both WT and Usp30~~ CTLs treated with CHX. No difference in HPG MFI between CHX-treated
WT and Usp307- CTLs could be detected by flow cytometry.

A recently developed method employed HPG to preferentially label and visualise mitochondrial
translation using microscopy (Zorkau et al., 2021a; Zorkau et al., 2021b). Following this method, I
dialysed the FBS supplemented in the methionine-free CTL culture media to remove any additional
source of methionine and to improve visualisation of mitochondrial translation. In addition, after
incubation with HPG I labelled the mitochondrial matrix with PDH to confirm that CHX treatment
led to the selective localisation of HPG within mitochondria. Immunofluorescence analysis in WT
CTLs showed efficient HPG incorporation within 1h of incubation (Figure 4.6 C-E). The HPG-
AF488 signal colocalised with PDH and confirmed that mitochondrial translation was preferentially
labelled. By contrast, HPG signal in Usp307- CTLs was almost completely absent, indicating that

mitochondrial translation was inhibited upon USP30 depletion.
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Figure 4.6. Mitochondrial translation in inhibited in Usp30~- CTLs.

(A) HPG-AF488 incorporation by flow cytometry in day 5 WT and Usp30~- CTLs either left untreated or treated with
100ug/ml CHX to inhibit cytosolic translation (2x10° CTLs/sample). (B) Flow cytometry analysis of HPG MFI in WT
and Usp307 CTLs treated as in (A). (C) Percentage of CHX-treated CTLs (100ug/ml) incorporating HPG in day 5 WT
and Usp30~ CTLs as visualized by microscopy, shown by panels in (E). (D) HPG MFI in day 5 WT and Usp30”- CTLs
treated with 100ug/ml CHX (microscopy), shown by panels in (E). (E) Representative immunofluorescence of
mitochondrial matrix (PDH) and HPG-AF488 incorporation in day 5 WT and Usp30” CTLs treated with 100pg/ml
CHX (3x10* CTLs/sample). Scale bars = 10 pm. Error bars in (B, C) indicate average £SD of technical replicates within
one representative experiment. Solid and dotted lines in (D) show median and quartiles, respectively. ***=p<0.001,

*=p<0.05, ns=not significant (two-tailed unpaired Student’s t-test). Data representative of at least three independent

biological replicates.
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4.6 Genetic inhibition of mitochondrial translation: mz-tRNA**“ mice

Given the striking loss of mitochondrial protein synthesis in Usp30”~ CTLs, I asked whether
inhibition of mitochondrial translation could affect CTL function. I started this investigation by using
mt-tRNA* mice, a heteroplasmic model in which the mitochondrial tRNA gene for alanine is
mutated, impairing mitochondrial protein synthesis (Kauppila et al., 2016). I quantified T cell
populations in the spleen by assessing the percentage of CD4" and CD8" T cells, regulatory CD4" T
cells, and naive, central memory and effector memory T cells in both the CD4" and CD8" populations.
No difference in numbers was observed in any of these populations, suggesting that T cells residing

in the spleen are similar in WT and mz-tRNA*" mice (Figure 4.7).

The 13 polypeptides synthesised by mitochondrial translation are incorporated into the ETC
complexes (D'Souza and Minczuk, 2018), whose activity generates the mitochondrial membrane
potential (Mitchell and Moyle, 1965). Therefore, I tested whether reduced mitochondrial protein
synthesis in mt-tRNA% T cells would affect mitochondrial mass or mitochondrial membrane
potential. WT and mt-tRNA CD8" T cells were stained with Mitotracker Deep Red and TMRE
before (day 0) and after in vitro activation (day 3, 5 and 7 post-stimulation). Both mitochondrial mass
and membrane potential increased upon activation, showing a peak on day 3 (Figure 4.8). No
substantial loss of mitochondrial mass nor membrane potential was detected in naive CD8" mi-

tRNA" T cells or mature mt-tRNA** CTLs when compared to their WT counterparts.

To investigate whether a defect in mitochondrial protein synthesis could affect CTL cytotoxicity, I
assayed both degranulation and killing capacity in WT and m-tRNA% CTLs 5 days after activation.
No difference in degranulation was observed after TCR stimulation in m¢-tRNA4* CTLs (Figure 4.9
A, B). Next, I co-incubated WT and m¢-tRNA"* CTLs with target cells and measured target lysis at
different CTL:target ratios (Figure 4.9C) or over time (Figure 4.9D). A moderate decrease in short-
term killing was observed in mt-tRNA*“* CTLs when testing different CTL:target ratios (Figure
4.9C). However, this effect appeared negligible when cytotoxicity was monitored over time (Figure

4.9D).
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Figure 4.7. Analysis of WT and mz-tRNA*" splenocytes.

(A) CD4"/CDS8" ratio in WT and mt-tRNA** splenocytes. (B) CD4" and CD8" naive (CD62L"eh, CD44'°%), central
memory (CD62L"eh CD44"e") and effector memory (CD62L°%, CD44%eh) T cell populations in WT and m#-tRNA
splenocytes. (C) Regulatory T cells (CD4", FOXP3") in WT and mt-tRNA** splenocytes. (D-H) Quantitation of (D)
CD4", (E) CD8", (F) regulatory T cells, (G) total CD4" and (H) CD8" populations (naive, central memory, effector
memory) in WT and m#-tRNA** splenocytes. Plots show the average of three biological replicates (10°
splenocytes/sample) £SD. ns = not significant (two-tailed unpaired Student’s t-test).

121



A O Unstained EWT B mt-tRNA%S
A Day 0 Day 3 Day 5 Day 7

Q | oo 150

o

2.1

: I

R " |

[0

]

21 ] ] ] «]

£ ]

5| =9 =4 BT ]

z L ]

10 = 0 N ‘m;
MitoTracker Deep Red

c A Day 0 Day 3 Day 5 Day 7
gl ]

o

£ =7

o

o ]

[0}

2| o] ] o

©

o o

R :

W w? )

TMRE

Mitotracker Deep Red MFI @@

=)

TMRE MFI

goo0o- ~ WT  — mttRNAM
40000+
20000-|
0 e 1
01 2 3 4 5 6 7

Time (days post-stimulation)

s000 ~ WT = mttRNAAR
4000
3000+
2000+
1000+
ol v o
01 2 3 4 5 6 7

Time (days post-stimulation)

Figure 4.8. mt-tRNA*"™ mutation does not affect mitochondrial mass nor mitochondrial membrane potential.

(A-D) Time course of mitochondria labelled with (A, B) MitoTracker Deep Red and (C, D) TMRE in WT and mt¢-
tRNA“" naive CD8" T cells (day 0) and mature CTLs (day 3-7). Mitotracker Deep Red and TMRE MFI are plotted

over time in (B, D). Error bars represent average +SD of two biological replicates (day 0: 10° splenocytes/sample;

days 3-7: 103 CTLs/sample).
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Figure 4.9. Analysis of degranulation and cytotoxicity in mz-tfRNA CTLs.
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(A) Histogram of surface LAMPI fluorescence intensity in WT and mt-tRNA*“ CTLs before and after TCR
stimulation (2x10° targets and 2x10° CTLs per sample). (B) Quantitation of LAMP1 MFI as shown in (A). (C) Short

term (2.5h) killing assay with WT and mz-tRNA*“ CTLs, varying CTL:target ratio. 10* targets/sample. CTLs numbers
varying according to ratio: 2.5x10° (25:1), 1.25x10° (12.5:1), 6.25x10%* (6.25:1), 3.1x10* (3.1:1), 1.5x10* (1.5:1) and

7.5x10% (0.75:1) CTLs/sample. (D) Long-term killing assays (CTL:target, 10:1) displaying percentage of target cell
lysis over time with WT and m#-tRNA** CTLs (4x103 targets and 4x10* CTLs per sample). Error bars display the

average +SD of (B) technical replicates, or (C, D) biological replicates. **=p<0.01, ns=not significant (two-tailed

unpaired Student’s t-test). All data representative of at least two biological replicates.
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Next, I assessed cytosolic protein synthesis in day 5 WT and m-tRNA** CTLs measuring HPG
incorporation by flow cytometry. HPG incorporation was decreased in both unstimulated and TCR-
triggered mt-tRNA** CTLs (Figure 4.10A, B). To test whether this could affect the expression of
cytolytic proteins, I used immunoblotting to examine granzyme B abundance in day 5 mt-tRNA**
CTLs, and I found it to be reduced compared to WT (Figure 4.10C). TOM20 expression was
examined as a control and showed no difference between WT and mt-tRNA** CTLs samples. Despite
this, the extent of the downregulation of HPG incorporation and granzyme B expression was small
compared to the results previously obtained in Usp307- CTLs (Figure 3.15A), and it exhibited

variability between different mz-tRNA*" biological replicates.
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Figure 4.10. mt-tRNA*" mutation decreases cytosolic translation and granzyme B expression.

(A) HPG-AF488 incorporation in day 5 WT and m¢-tRNA“" CTLs, stimulated with a-CD3 (TCR crosslinking) where
indicated, compared with cycloheximide-treated CTLs in which cytosolic translation is inhibited (2x103
CTLs/sample). (B) Quantitation of HPG MFI in day 5 WT and m#-tRNA**“ CTLs. Error bars indicate average +SD of
three biological replicates. ***=p<0.001 (two-tailed unpaired Student’s t-test). (C) Immunoblot for granzyme B
(GZMB) and TOM20 expression in day 5 WT and m¢-tRNA** samples. Three biological replicates shown, labelled
as (a-c) (3.33 pg lysate/sample).
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The mt-tRNA** mutational burden tends to be lower in rapidly dividing cells and peripheral blood
cells (Kauppila et al., 2016). The variability in cytotoxicity, translation and granzyme B synthesis
prompted further analysis of mt-tRNA4“ heteroplasmy. The percentage of mt-tRNA4“ mutation in
mice was routinely assessed using skin biopsies. I asked whether the mutational burden in splenocytes
was comparable to the one observed in skin cells, and whether it was retained upon CTL activation.
To this end, we measured the percentage of m¢-Nd6 heteroplasmy. M¢-Nd6 is a mitochondrial gene
coding for a complex I subunit which displays a non-pathogenic mutation linked to miz-tRNA4“,

Therefore, mt-Nd6 mutation levels can be used as an indicator of m#-tRNA*'* mutational burden.

I extracted polyadenylated RNA from WT and mz-tRNA** splenocytes and from activated CTLs 5
days after in vitro stimulation, and levels of mt-Nd6 mutation were compared to the genotyping results
obtained by skin biopsy. While a small percentage of mitochondria in WT splenocytes appeared to
have the m#-Nd6 mutation, heteroplasmy values were considerably higher in mz-tRNA*" splenocytes
(Figure 4.11A). In addition, this analysis showed that the skin biopsy could provide a reliable

indication of the levels of heteroplasmy in the spleen.

Interestingly, the percentage of mitochondria bearing the m¢-Nd6 mutation remained constant in WT
CTLs after stimulation, while it decreased in all mutant samples upon T cell activation. While the
highest percentage of heteroplasmy in m-tRNA4“ splenocytes was 74%, the highest level of
heteroplasmy in activated m#-tRNAY“ CTLs was 66.7%. The reduction in heteroplasmy was
consistently observed across all samples and found to be statistically significant (Figure 4.11B).
While there is no established threshold for the pathogenicity of mitochondrial heteroplasmy, defects
in mitochondrial translation in m¢-tRNA4* mutants have been reported to be most noticeable when
the mutation burden is at least 67% (Kauppila et al., 2016). Therefore, the decrease in mz-tRNA4"
heteroplasmy upon T cell activation could potentially suggest that high heteroplasmy levels for

tRNAA® were not well tolerated in mature CTLs and were selected against during CTL activation.
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Figure 4.11. Mutational burden decreases upon activation in mz-tfRNA'* CTLs.

(A) Genotyping of WT and m#-tRNA* splenocytes and CTLs compared to skin biopsy of mz-tRNA* mice. Error
bars display the average +SD of 3 (WT) and 4 (m#-tRNA**) biological replicates, identified as (a-d) (starting material:
100 ng cDNA/sample from splenocytes and day 5 CTLs). (B) Percentage of mitochondria bearing the m#-Nd6
mutation in T cells derived from mz-tRNA*"“ mice, showing mutational load in same sample before (splenocyte) and
after (CTL) in vitro stimulation as in (A). *=p<0.05, ns=not significant (two-tailed paired Student’s t-test). ND6/mt-

tRNAA® genotyping was performed and analysed by Stephen Burr.

To determine whether the percentage of mt-tRNA" heteroplasmy in activated CTLs was sufficient
to cause a defect in mitochondrial protein synthesis, I incubated WT and mz-tRNA4“ CTLs with HPG
and CHX and I assayed mitochondrial translation by immunofluorescence. HPG was efficiently
incorporated in both WT and m#-tRNA*" mitochondria (Figure 4.12A). To further test whether HPG
incorporation was affected by the mt-tRNA*“ mutation, 1 quantitated HPG MFI by
immunofluorescence in all the genotyped WT and m#-tRNA** CTL samples. HPG MFI was similar
in WT and mt-tRNA#* CTLs, and variations in MFI did not correspond to the measured mutational
burden (Figure 4.12B). Overall, these results indicated that the mz-tRNA** mutation in CTLs was not

sufficient to induce a detectable and reproducible decrease in mitochondrial protein synthesis.
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Figure 4.12. mt-tRNA*" CTLs show efficient mitochondrial protein synthesis.

(A) Immunofluorescence of mitochondrial matrix (PDH) and HPG-AF488 incorporation in day 5 WT and m¢-tRNA*"
CTLs treated with 100pug/ml CHX (3x10* CTLs/sample). Scale bars = 10 pm. (B) Quantitation HPG MFI in in day
5 WT and mt-tRNA** CTLs where HPG was incorporated. Horizontal line denotes average HPG MFI in WT samples.

Data representative of 3 (WT) and 4 (m#-tRNA“*) biological replicates, indicated as (a-d). Mutation percentages were

rounded to the closest integer.
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4.7 Genetic inhibition of mitochondrial translation: mito-ribosome CRISPR knockouts

The variability in the percentage of mt-tRNA*“ heteroplasmy made the results obtained in mz-
tRNA*“ CTLs difficult to interpret. Despite this, the moderate decrease in cytosolic protein synthesis,
granzyme B expression and cytotoxicity observed in some of the mt-tRNA“ samples prompted a
further investigation of the role of mitochondrial translation in CTLs. Therefore, I employed the
CRISPR/Cas9 system to test whether inhibiting the expression of assembly (MRM2, MRM3,
GTPBP10) or elongation factors (GFM1), or subunits of the mitochondrial ribosome (MRPS16,
MRPS22, MRPS35, MRPL12, MRPL28, MRPL37, MRPL48, MRPL49) could affect mitochondrial

protein synthesis.

Among the assembly factors tested, only GTPBP10 appeared to be recognised by immunoblot
(expected molecular weight=43 kDa) (Figure 4.13A), while antibodies against MRM2 and MRM3
failed to recognise bands with the expected molecular weight (28 kDa and 51 kDa, respectively)
(Figure 4.13B, C). I performed CRISPR/Cas9-mediated knockout for these three assembly factors to
test whether any of them would be a valid target to pursue to modulate mitochondrial protein
synthesis. None of the knockout samples displayed any change in the band pattern observed by
immunoblot when compared to control samples (Figure 4.13A-C). CTL cytotoxicity was also not

affected (Figure 4.13D).

Next, I tested the elongation factor GFMI1, deletion of which was recently shown to reduce
mitochondrial translation in CD4" T cells (Almeida et al., 2021). While GFM1 protein expression
could be reliably detected by immunoblot, GFM1 abundance was unchanged three days after
CRISPR-mediated knockout (Figure 4.14A). Furthermore, Gfiml CRISPR KO CTLs did not exhibit
any defect in cytotoxicity (Figure 4.14B). Notably, cytotoxicity appeared moderately increased in all
nucleofected samples when compared to non-nucleofected CTLs. To test whether the attempted gene
deletion affected mitochondrial translation, control and Gfm ! CRISPR KO CTLs were incubated with
HPG in the presence of cycloheximide and analysed by immunofluorescence. HPG accumulated in
the mitochondria of all samples, confirming that the Gfm/ gene knockout was not efficient (Figure

4.14C).
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Figure 4.13. Testing the role of mitochondrial ribosome assembly factors in CTL cytotoxicity.
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(A-C) Immunoblots showing (A) GTPBP10, (B) MRM2 and (C) MRM3 protein expression in WT CTL controls
(nucleofection and non-targeting controls) and in CTLs nucleofected with guide crRNA for (A) Gipbp10, (B) Mrm2

and (C) Mrm3 (3.33 pg lysate/sample) (D) Long-term (10h) killing assay displaying percentage of target cell lysis
over time (CTL:target ratio, 1:1) with control and Gtpbp10, Mrm2 and Mrm3 CRISPR KO CTLs (4x10* targets and

4x10* CTLs per sample). Error bars indicate the average =SD of three technical replicates within one representative

experiment. Data representative of three independent biological replicates.
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Figure 4.14. Gfin1 CRISPR KO fails to reduce GFM1 protein expression and mitochondrial translation.

(A) Immunoblot showing GFM1 protein expression in WT CTL controls (no nucleofection, nucleofection and non-
targeting controls) and in CTLs nucleofected with guide crRNA for Gfinl (3.33 pg lysate/sample). (B) Long-term
(10h) killing assay displaying percentage of target cell lysis over time (CTL:target ratio, 10:1) with control and Gfin!
CRISPR KO CTLs (4x10* targets and 4x10* CTLs per sample). Error bars indicate the average +SD of technical
replicates within one representative experiment. (C) HPG-AF488 incorporation in day 7 control and CRISPR KO
samples treated with 100pg/ml CHX to inhibit cytosolic protein synthesis (3x10* CTLs/sample). Scale bars = 10 pm.

Data representative of two biological replicates.
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I next aimed to target the mitochondrial ribosome directly. To this end, I performed CRISPR/Cas9-
mediated KO to inhibit the expression of subunits of the mitochondrial ribosome. Among the seven
targets that were tested (MRPS16, MRPS22, MRPS35, MRPL12, MRPL28, MRPL37, MRPLA4S,
MRPL49), the three proteins whose expression was consistently decreased four days after the

knockout were MRPS16, MRPS22 and MRPL37 (Figure 4.15).

Control and CRISPR KO CTLs were incubated with CHX and HPG and analysed by
immunofluorescence to test whether deletion of individual components of the mitochondrial
ribosome would inhibit mitochondrial protein synthesis (Figure 4.16A). The methionine analogue
was integrated in all control samples, while only 30-60% of CTLs could incorporate HPG in Mrps16,
Mrps22 and Mrpl37 CRISPR KO CTLs (Figure 4.16B). The average HPG MFI was also reduced in
a subset of the CRISPR KO samples, most notably in Mrpsi6 CRISPR KO CTLs (Figure 4.16C).
These results indicated that the genetic deletion of Mrpsi6, Mrps22 and Mrpl37 was sufficient to
disrupt mitochondrial ribosome assembly and resulted in a partial loss of mitochondrial protein

synthesis.
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Figure 4.15. Protein expression of small and large mitochondrial ribosome subunits after CRISPR KO.

(A-H) Immunoblots showing protein expression in WT CTL controls (no nucleofection, nucleofection and non-

targeting controls) and in CTLs nucleofected with guide crRNA for (A) Mrpsi6, (B) Mrps22, (C) Mrps35, (D)

Mrpl48, (E) Mrpl49, (F) Mrpli2, (G) Mrpl28 and (H) Mrpi37. Protein expression (3.33 pg lysate/sample) was

analysed on day 5 and day 7, respectively 2 and 4 days post-nucleofection with CRISPR reagents. Data representative

of at least three independent biological replicates.
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Figure 4.16. Loss of MRPS16, MRPL22 and MRPL37 decreases mitochondrial protein synthesis.

(A) HPG-AF488 incorporation in day 7 control and CRISPR KO samples treated with 100pg/ml CHX to inhibit
cytosolic protein synthesis (3x10* CTLs/sample). Scale bar = 10 pm. (B, C) Quantitation of (B) percentage of CTLs
incorporating HPG, and (C) HPG MFI in CTLs where HPG was incorporated. Error bars show the average +SD of
technical replicates within one representative experiment. Horizontal line in (C) delineates HPG MFI in non-

nucleofected CTLs. Data representative of at least two independent biological replicates.

The CRISPR KO samples were bulk populations composed of both WT CTLs and CTLs in which
the expression of subunits of the mitochondrial ribosome had successfully been impaired. Therefore,
I attempted to separate the WT and KO populations in the samples in which protein expression was
most reliably decreased after nucleofection: Mrpsi6 and Mrpl37 CRISPR KO CTLs. I used flow
cytometry to analyse control and knockout CTLs after intracellular staining with the same antibodies
used by Western blot. These antibodies showed unspecific staining (Figure 4.17A, B), which was
not consistent with the decrease in protein expression observed by immunoblot (Figure 4.15) nor
with the reduced HPG incorporation observed in knockout CTLs by immunofluorescence (Figure

4.16).

As 13 subunits of ETC complexes are synthesised by mitochondrial translational (D'Souza and
Minczuk, 2018), and the proton gradient generated by the ETC sustains the mitochondrial membrane
potential (Mitchell and Moyle, 1965), I reasoned that membrane potential might be altered in CTLs
with deficient mitochondrial protein synthesis. I stained control and CRISPR KO samples with
TMRE and measured mitochondrial membrane potential by flow cytometry. Surprisingly, TMRE
fluorescence was only moderately decreased in Mrpsi6 and Mrpl37 CRISPR KO CTLs (Figure
4.17B). Furthermore, no separate population displaying a lower mitochondrial membrane potential
could be observed in either Mrpsi6 or Mrp/37 CRISPR KO CTLs, indicating that despite the
reduction in mitochondrial protein synthesis, mitochondrial membrane potential could still be
retained. Altogether, neither of these methods could successfully separate WT and KO CTLs within
the Mrps16 and Mrpl37 CRISPR KO CTLs populations.
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Figure 4.17. Flow cytometry analysis of Mrps16 and Mrpl37 CRISPR KO CTLs.

(A, B) Intracellular flow cytometry staining for (A) MRPS16 and (B) MRPL37 in WT and CRISPR KO CTLs (2x10°
CTLs/sample). (C) Mitochondrial membrane potential as indicated by TMRE in day 7 non-nucleofected (no nuc),
nucleofection control (nuc. ctrl), non-targeting control (n.t. ctrl), Mrpll6 and Mrpi37 CRISPR KO (10°
CTLs/sample). (D) TMRE MFI quantitation. Error bars represent average +SD of technical replicates. Data

representative of one biological replicate.

Nevertheless, Mrpsl6 and Mrpl37 CRISPR KOs generated the most consistent decrease in
mitochondrial protein synthesis and they were selected for further analysis of CTL function. First, |
assessed granzyme B abundance in control, Mrpsl6 and Mrp/37 CRISPR KO CTLs (Figure 4.18).
Interestingly, all control samples that had been nucleofected, either without CRISPR reagents
(nucleofection control) or in the presence of Cas9, tracrRNA and non-targeting guide crRNA (non-
targeting control) showed upregulation of granzyme B expression (Figure 4.18A, B). The abundance
of granzyme B was downregulated in Mrpsi6 and Mrpl37 CRISPR KOs compared to the
nucleofected controls. Nonetheless, this result was not always reproducible, possibly due to variations
in knockout efficiency and the presence of a mixed population of WT and KO CTLs within the same
CRISPR KO sample. Monitoring de novo synthesis of granzyme B by immunoblot revealed no
difference between TCR-triggered control and MRPS16- or MRPL37-depleted CTLs (Figure 4.18C,
D).

TNFa and IFNy production upon TCR stimulation was also not affected in CRISPR KO samples
(Figure 4.19A-C). Surprisingly, CTL nucleofection and introduction of non-targeting CRISPR
reagents was sufficient to alter cytokine synthesis, confounding the analysis of the effect of
mitochondrial translation inhibition in the CRISPR KO samples. CTL killing did not appear to be
affected by Mrps16 or Mrpl37 CRISPR KO (Figure 4.19D). All nucleofected samples reproducibly
showed a modest increase in killing compared to non-nucleofected control CTLs, suggesting the
upregulation of granzyme B observed upon nucleofection (Figure 4.18A, B) could be functionally

significant in the context of cytotoxicity.
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Figure 4.18. Granzyme B expression in Mrps16 and Mrpl37 CRISPR KO samples.
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(A, B) Immunoblots for granzyme B (GZMB) in day 7 (A) Mrpsi6 and (B) Mrpl37 CRISPR KO and control CTLs.
(C, D) Immunoblots showing granzyme B expression and synthesis in day 7 control and CRISPR KO CTLs, with

TCR stimulation (a-CD3) or cytosolic protein synthesis inhibition (100pg/ml CHX) where indicated. Newly

synthesised GZMB labelled by (*). Data representative of at least two independent biological replicates (3.33 pg

lysate/sample).
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Figure 4.19. Cytokine synthesis and cytotoxicity in Mrps16 and Mrpl37 CRISPR KO samples.

(A, B) Intracellular staining for (A) TNFa and (B) IFNy in day 7 nucleofection control (nuc. ctrl), non-targeting
control (n.t. ctrl), Mrpsi6 and Mrpl37 CRISPR KO (2x10° CTLs/sample). stimulated with a-CD3 for 4.5h. no
stim=unstimulated CTLs (control). (C) Quantitation of TNFo and IFNy MFI. (D) Long-term (12h) killing assay
(CTL:target ratio, 1:1) displaying percentage target lysis with control and CRISPR KO CTLs (4x10* targets and

4x10* CTLs per sample). Error bars indicate mean values +SD of technical replicates within one representative

experiment. Data representative of at least three independent biological replicates.
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The data obtained from Usp30”~ CTLs indicated that the killing and translation defects could be
observed on day 5 post-stimulation. The first days after activation are the most translationally active
time for CD8" T cells, with a peak in protein synthesis occurring on day 5 (Araki et al., 2017). By
contrast, T cells used in CRISPR experiments were first stimulated (day 0-2) and CRISPR knockout
was performed on day 3, after CD8" T cell isolation. Protein level was then assessed on day 5-7 to
allow for degradation of previously formed proteins and functional experiments were performed on
day 7, when protein downregulation could be observed (Figure 4.15). Given the confounding effect
caused by the presence of a mixed population within the CRISPR KO samples, I asked whether testing
CTL function on day 5 would more easily highlight a defect in translationally active CTLs. To this
end I performed the CRISPR KO before in vitro stimulation (day 0) to allow for protein degradation

to occur earlier and for CTL functionality to be tested on day 5 post-stimulation.

I isolated WT splenocytes and used them to perform CRISPR-mediated gene deletion of Mrpsi6 and
Mirpl37 either before (Figure 4.19A-C) or after CD8" T cell isolation (Figure 4.19D-F). Mcu
knockout was performed as a positive control given its reproducible efficiency (Figure 4.5B). Control
and CRISPR KO samples were then stimulated as previously described (Figure 3.2A; Materials and
Methods) and protein expression of MRPS16, MRPL37 and MCU was tested by immunoblot on day

5, 7 and 9 post-activation and post-nucleofection.

No difference in MRPS16, MRPL37 or MCU abundance could be detected in the CRISPR KO
samples at any of the time points tested (Figure 4.20). This result suggests that either gene deletion
was not efficient in freshly isolated CD8" T cells, or that efficiently knocked out T cells were not
viable upon in vitro stimulation. The latter hypothesis would be consistent with experimental
evidence showing that inhibition of different mitochondrial functions in immature T cells can prevent
their proliferation and differentiation (Chang et al., 2013; Sena et al., 2013; Simula et al., 2018; Tan
etal., 2017a; Yi et al., 2006).
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Figure 4.20. CRISPR KO in naive T cells results in poor KO efficiency.
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(A-F) Immunoblots showing MRPS16, MRPL37 and MCU protein expression in controls after CRISPR KO

performed in naive (A-C) unpurified or (D-F) CD8 -purified T cells nucleofected with guide crRNA for Mrpsi6,

Mrps37 or Mcu and control samples (no nucleofection, nucleofection and non-targeting control). Protein expression

(3.33 pg lysate/sample) was assessed (A, D) 5 days, (B, E) 7 days and (C, F) 9 days post-nucleofection and in vitro

activation. Data representative of two independent biological replicates.
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4.8 Pharmacological inhibition of mitochondrial translation: CAM and DOX

The results obtained with mt-tRNA4* CTLs and with the MrpsI6 and Mrpl37 CRISPR KOs
highlighted the challenges of studying the downstream effects of mitochondrial protein synthesis in
a mixed population. In addition, the nucleofection procedure appeared to alter the expression of
cytolytic proteins and affect CTL killing. Therefore, I aimed to use two well-established
pharmacological treatments to fully deplete mitochondrial translation: chloramphenicol (CAM) and
doxycycline (DOX), which impair tRNA binding to the mitochondrial ribosome (Geigenmuller and
Nierhaus, 1986; Pestka, 1969). Both treatments allowed for the study of mitochondrial protein
synthesis while minimising the variability due to heteroplasmy, mixed knockout populations and

nucleofection.

First, I verified that CAM and DOX treatment could affect mitochondrial protein synthesis. Day 5
WT and Usp30” CTLs were incubated with HPG and the media was supplemented with either
cycloheximide only to inhibit cytosolic protein synthesis, or with cycloheximide combined with
either chloramphenicol or doxycycline to impair both cytosolic and mitochondrial translation (Figure
4.21). HPG readily accumulated in the mitochondria of WT CTLs treated with CHX. By contrast,
WT CTLs that were additionally treated with either chloramphenicol or doxycycline showed reduced
HPG incorporation. As previously observed (Figure 4.6), little HPG incorporation was detectable in
Usp307- CTLs, highlighting a marked decrease in mitochondrial protein synthesis. To verify whether
chloramphenicol or doxycycline treatment would have an additive effect, Usp30”~ CTLs were
incubated with HPG either in the presence of cycloheximide only, or with cycloheximide mixed with
either chloramphenicol or doxycycline. Treatment with doxycycline or chloramphenicol abolished
the residual mitochondrial protein synthesis observed in a minority of mitochondria in Usp30~~ CTLs.
Overall, these results validated the use of chloramphenicol and doxycycline as inhibitors of

mitochondrial translation in CTLs.
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Figure 4.21. Chloramphenicol and doxycycline inhibit mitochondrial protein synthesis.

HPG-AF488 in day 5 WT and Usp30”~ CTLs treated with 100pg/ml CHX to inhibit cytosolic protein synthesis. 3x10*
CTLs per sample were incubated with 500 pg/ml chloramphenicol (CAM) or 10 pg/ml doxycycline (DOX) where
indicated. Mitochondrial matrix is labelled by PDH. Scale bars = 10 um. Data representative of at least three

independent biological replicates.
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Next, I treated WT CTLs with increasing concentrations of chloramphenicol (50-500 pg/ml) or
doxycycline (1-10 pg/ml) to test the effect of mitochondrial translation deficiency on CTL killing.
Chloramphenicol treatment reduced CTL cytotoxicity in a dose-dependent manner, with the highest
concentration (500 pg/ml) resulting in a marked inhibition of killing after 4h (Figure 4.22A).

Doxycycline treatment impaired cytotoxicity at 10 pg/ml, showing full inhibition after 4h of

incubation (Figure 4.22B).

A - untreated B
- 50pg/ml - 250ug/ml - Untreated — 5ug/ml DOX
—= 100ug/ml —= 500ug/ml -~ 1ug/ml DOX - 10ug/ml DOX
100+ 100-
o 807 o 807
2 2
— 60+ = 60
() (]
(o] (9)]
& 40 & 40+
X x
20+ 20
0 v===-o¢ 01
O NQY D DNAY D D oA 0N
Time (hours) Time (hours)

Figure 4.22. Mitochondrial translation inhibition reduces CTL killing.

(A, B) Long-term (12h) killing assays (CTL:target ratio, 1:1) displaying percentage target lysis with day S WT CTLs
(4x10* targets and 4x10* CTLs per sample). Cells were treated with (A) 50-500 pg/ml chloramphenicol (CAM) or

(B) 1-10 pg/ml doxycycline (DOX). Error bars show mean values =SD of technical replicates. Data representative of

at least three independent biological replicates.

To test whether complete inhibition of mitochondrial translation would affect cytosolic protein
synthesis, I measured HPG incorporation by flow cytometry in chloramphenicol- and doxycycline-
treated CTLs. Both pharmacological treatments reduced cytosolic HPG incorporation, while
displaying different kinetics (Figure 4.23). In unstimulated CTLs, the effect of chloramphenicol
appeared more pronounced than DOX after 1h of incubation. Interestingly, stimulation with a-CD3
increased HPG incorporation in all treated samples, indicating that TCR activation can promote
protein synthesis when the pharmacological treatment and a-CD3 are introduced simultaneously.
Despite this, CAM- and DOX-treated CTLs did not incorporation HPG as efficiently as untreated

CTLs even in the presence of TCR stimulation.
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Figure 4.23. Inhibition of mitochondrial translation impairs cytosolic protein synthesis.

(A-D) HPG incorporation in untreated and (A, B) CAM-treated (500 pg/ml) or (C, D) DOX-treated (10 pg/ml) CTLs,

with TCR stimulation (a-CD3) where indicated. 100pg/ml CHX was used in control samples to inhibit cytosolic
protein synthesis. Plots in (B, D) show HPG MFI in (B) CAM-treated (500 pg/ml) or (D) DOX-treated (10 pg/ml)
CTLs. All error bars indicate average +SD of technical replicates (2x10° CTLs/sample). ***=p<0.001, **=p<0.01

(two-tailed unpaired Student’s t-test). Data representative of at least three independent biological replicates.

To determine whether the inhibition of HPG incorporation in CAM- and DOX-treated CTLs was a
bona fide indicator of decreased cytosolic protein synthesis I examined the expression of granzyme
B and perforin. Day 5 WT CTLs were stimulated with a-CD3 for 4.5h, during which they were either
incubated in standard CTL culture media, or in media supplemented with either 500 pg/ml
chloramphenicol or 10 pg/ml doxycycline. Cycloheximide treatment was added separately to control
samples to distinguish newly synthesised proteins. Protein expression of granzyme B and perforin in
unstimulated CTLs was not reproducibly altered by either CAM or DOX, suggesting that short

incubations could not affect the expression of abundant proteins synthesised before the start of the

142



treatment (Figure 4.24). Nevertheless, newly synthesised granzyme B and perforin were reduced in
both chloramphenicol- and doxycycline-treated CTLs upon TCR triggering. TOM20 expression was
not altered in any of the DOX-treated samples, suggesting that cytolytic protein depletion occurred
as a result of mitochondrial translation inhibition and without the concurrent loss of mitochondrial

abundance observed in Usp307 CTLs. These results indicated that impairing mitochondrial

translation reduced de novo protein synthesis of key mediators of the CTL killing response.
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Figure 4.24. Loss of mitochondrial translation impairs synthesis of granzyme B and perforin.

(A, B) Immunoblots showing granzyme B (GzmB) expression and synthesis in day 5 CTLs treated with (A) 500
pg/ml CAM or (B) 10 pg/ml DOX. Newly synthesised GzmB labelled by (*). (C, D) Immunoblots showing perforin
(PRF1) expression and synthesis in day 5 CTLs treated with (C) 500 pg/ml CAM or (D) 10 pg/ml DOX. Immature
(1), intermediate (2) and mature (3) forms of perforin are labelled. CTLs were stimulated with a-CD3 (TCR

stimulation) or treated with 100pg/ml CHX where indicated. All data representative of three independent biological

replicates (3.33 pg lysate/sample).
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Immunoblot analysis of granzyme B and perforin in WT CTLs revealed a decrease in the mature form
of these proteins upon a-CD3 stimulation (Figure 4.24 A-D). This decrease was particularly
noticeable in CTLs treated with CHX, in which de novo synthesis was precluded. As perforin and
granzyme B are secreted during CTL killing, it is likely that the decrease in the mature forms of these
proteins was due to secretion triggered by TCR stimulation. Interestingly, mature forms of granzyme
B and perforin remained stably expressed in stimulated CAM- and DOX-treated CTLs (Figure 4.24
A-D).

To test whether treatment with chloramphenicol and doxycycline could affect the secretion of
cytolytic proteins, I measured LAMP1 expression on CTL plasma membrane upon CAM and DOX
treatment. LAMP1 abundance on unstimulated CTLs surface was similar in untreated and CAM- or
DOX-treated CTLs (Figure 4.25 A-D). Upon stimulation, LAMP1 surface expression increased in
both untreated and treated CTLs, indicating that chloramphenicol and doxycycline do not terminate
the signalling cascade that leads to degranulation. Nonetheless, LAMP1 MFI was reduced in TCR-
stimulated CAM- and DOX-treated samples when compared to untreated CTLs. This result suggests
that while all CAM- and DOX-treated CTLs were degranulating, the extent to which degranulation
occurred was diminished in all treated CTLs. Thus, the failure to detect a decrease in the mature forms
of granzyme B and perforin by immunoblot was likely due to impaired secretion of lytic granule

content upon CAM and DOX treatment, which further decreased CTL cytolytic potential.

As degranulation is dependent on calcium fluxes induced by TCR stimulation (Lancki et al., 1987;
Lyubchenko et al., 2001; Takayama and Sitkovsky, 1987), 1 asked whether pharmacological
inhibition of mitochondrial translation could alter intracellular calcium flux. I used the ratiometric
calcium indicator INDO-1 to record intracellular calcium concentration in day 5 unstimulated, TCR-
triggered and ionomycin-treated CTLs treated with CAM or DOX. Basal intracellular calcium
concentration in unstimulated CTLs was similar in all samples, with a modest decrease in DOX-
treated CTLs (Figure 4.25E). TCR crosslinking induced a surge in intracellular calcium flux in all
samples, with CAM- and DOX-treated CTLs reaching a lower peak compared to untreated CTLs.
Notably, the rise in intracellular calcium concentration was sustained for a shorter time in both treated
samples compared to untreated CTLs. Analysis of maximal calcium flux in CTLs using the ionophore
ionomycin (Lyall et al., 1980) augmented intracellular calcium concentration in all CTL samples.
However, while untreated and CAM-treated CTLs reached the same maximal peak, the increase in
intracellular calcium concentration was diminished in DOX-treated CTLs. These results indicated

that CAM and DOX-treated CTLs could not sustain the rise in intracellular calcium concentration
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upon TCR triggering, potentially providing a mechanism for the reduced degranulation observed in

treated CTLs.
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Figure 4.25. CAM and DOX reduce degranulation and intracellular calcium flux upon TCR triggering.

(A) Histograms representing surface LAMP1 fluorescence intensity in day 5 WT CTLs treated with 500 pug/ml
chloramphenicol (CAM) before and after TCR stimulation (2x10° CTLs/sample). (B) LAMP1 MFI in unstimulated
and stimulated CAM-treated CTLs (500 pg/ml). (C) Histograms representing surface LAMP1 fluorescence intensity
in day 5 WT CTLs treated with 10 pg/ml doxycycline (DOX) before and after TCR stimulation (2x103 CTLs/sample).
(D) LAMP1 MFI in unstimulated and stimulated DOX-treated CTLs (10 pg/ml). (E) INDO-1 calcium assay showing
changes in intracellular calcium concentration in 10® CTLs before (t=0-60s) and after TCR crosslinking (t=60s) or
ionomycin addition (t=300s). CTLs were treated with 500 pg/ml chloramphenicol or 10 pg/ml doxycycline . All error
bars indicate average £SD of technical replicates in one representative experiment. ***=p<0.001, ns=not significant

(two-tailed unpaired Student’s t-test). Data representative of three independent biological replicates.

4.9 Mass spectrometry of doxycycline-treated CTLs

To further characterise the effects of acute inhibition of mitochondrial protein synthesis, we
examined the proteome of day 5 CTLs treated with doxycycline for 4.5h. CTLs were either left

unstimulated or stimulated with a-CD3 for the whole duration of the DOX treatment.

A total of 605 proteins were significantly downregulated in unstimulated DOX-treated CTLs
(FDR<10%) (Figure 4.26A). 23% were mitochondrial proteins, involved in mitochondrial translation

(CHCHDI1, HARS2, TARS2, MRPS18A, MRPS28, MRPL18, MRPL44, MRPL51, MRPL57,
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MRPL58), mitochondrial RNA metabolism (PNPTI1, SLIRP, SUPV3LI1) and oxidative
phosphorylation (ATPSF1A, ATPS5F1B, ATP5PB, ATP5PO, ATPS5PD, APTSMF, MTATPS6,
NDUFS6, NDUFB6, NDUFV2, NDUFS2, NDUFA9, NUBPL, COQ3, COQ8B, COQ9, SDHB).
Mitochondrial metabolic processes were also affected by doxycycline treatment, as indicated by the
downregulation of enzymes regulating the TCA cycle (PDHA1, PDHB, DLAT, DLD, SUCLA2,
SDHB, SUCLG2, IDH3A) and redox homeostasis (TXN2, PRDX3, GSR). The abundance of some
peroxisomal proteins (ABCD3, CAT) was also reduced, potentially suggesting that inhibition of

mitochondrial translation could affect peroxisomes.

Interestingly, DOX induced the downregulation of several proteins involved in cytokine signalling
cascades. These included the cytokine IL-3, the receptors CCR7, ILI2RB1 and CD27, the
metalloproteinase ADAM17 and the TNFa signalling mediators FADD and RIPK 1. The kinase JAK1
and the IKK regulatory subunit IKBKG were also downregulated. IKBKG is involved in the
degradation of IkB, an inhibitor of the NFkB transcription factor, which is involved in T cell
signalling (Cantrell, 2015). Furthermore, DOX treatment reduced the expression of proteins involved
in cytosolic translation, such as the eukaryotic translation initiation factors EIF2B3, EIF4B and
EIF1AX, the tRNA ligases GARS1 and HARSI, and the serine/threonine kinase mTOR, a master
regulator of cytosolic translation, metabolism and T cell proliferation (Saxton and Sabatini, 2017).
Taken together, these results indicate that DOX treatment could affect cytokine signalling as well as

mediators of cytosolic translation.

4 proteins were significantly upregulated (FDR<10%) by doxycycline treatment in unstimulated
CTLs. Two of them were proteins associated with DNA-damage response and apoptosis (RAD17,
MTCH1), suggesting a loss of homeostasis upon acute DOX treatment. In addition, doxycycline
upregulated the expression of ARID5A, a DNA- and RNA-binding protein which stabilises the
mRNA of IL-6, I[L-16, STAT3 and T-BET (Nyati et al., 2020). DOX-treated CTLs also upregulated
the expression of CMTMG6, a transmembrane protein involved in the inhibition of T cell function by
promoting the stabilisation of the PD-1 ligand PD-L1 on the plasma membrane (Mezzadra et al.,
2017).

Next, I analysed how doxycycline treatment affects the proteome of day 5 TCR-triggered CTLs. 34
proteins were significantly downregulated (FDR<10%) when stimulated with a-CD3 in the presence
of doxycycline (Figure 4.26B). 29% were mitochondrial proteins, playing a role in mitochondrial
DNA damage response (POLDIP2), mitochondrial protein synthesis by tRNA activity (YARS2),
lipid metabolism (TAMM41), phosphate import into the mitochondria (SLC25A3), glycerol
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metabolism (GPD2), oxidative phosphorylation (COQ9, MTDN3), modulation of mitochondrial
reactive oxygen species (TXN2, ROMO1) and apoptosis (MCL1).

Several receptors on the T cell plasma membrane were specifically downregulated by DOX treatment
in TCR-activated CTLs. These were TCB2, LY6E, SLAMF1, SLAMF7, CD27, LILRB4 and
TNFRSF4. In addition, the transcription factors NR4A3, KLF13, EGR2 and the transcription-related
protein NAB2, the NF«kB inhibitor NFKBID and the cytokine IFNy were also downregulated by DOX
in TCR-triggered CTLs. Altogether, these results suggested that DOX treatment likely altered CTL

signalling upon TCR stimulation.

4 proteins were significantly upregulated in DOX-treated, TCR-stimulated CTLs. These proteins
were involved in galactose metabolism (GALM), vitamin B6 metabolism (PLPBP), trafficking and
cell division (EXOCS5). Notably, PRKARI1A, a regulatory subunit of protein kinase A, which inhibits
early events in the TCR signalling cascade such as phosphorylation of LCK and FYN (Vang et al.,
2001), was also upregulated by DOX treatment in TCR-triggered CTLs.

50 B FDR<10%, mitochondrial B FDR<10%, mitochondrial
M FDR<10%, not mitochondrial M FDR<10%, not mitochondrial

a5 mitochondrial, n.s. 1 Egre— KIf13 . mitochondrial, n.s.
other, n.s. other, n.s.
Fadd « * 40 ..
\ . Y N
0 cd27 N\ - NabZe ]
\ \\ <, L . % e
NN 5 Nfkbid—* .t
Ikbk e N\ oes 'y
d Y 4 NFAe3 | i
Cer? "\;‘:‘ '3"._ Ifng
- et 3.0
Ripkl LN
B Stat3—— -3 2o
5 25 3<= =4
inl L=l
_g Jakl—— E
0 Mto,r p s 2.0
l2rbl =
15 Adam17 T
10 1.0
0 20 -15 -10 05 00 05 10 15 20 2530 -3 -1 0 1 2
log2(FC) log2(FC)

Figure 4.26. Mass spectrometry analysis of unstimulated and TCR-triggered DOX-treated CTLs.

(A, B) Volcano plots of upregulated (right quadrant) and downregulated (left quadrant) proteins in (A) unstimulated
and (B) TCR-triggered day 5 CTLs treated with 10 pg/ml doxycycline compared to untreated CTLs (1.5 pg
protein/sample). Horizontal bars correspond to the uncorrected p=0.05 threshold. Coloured dots show hits within the
5% and 10% false discovery rate (FDR) range and GOCC-defined mitochondrial proteins. Downregulated proteins
are labelled by gene names in (B). Data representative of 4 independent biological replicates. Julia M. Marchingo

oversaw sample processing and conducted the initial peptide analysis and protein copy number quantification.
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4.10 Additive effect of doxycycline and chloramphenicol on USP30-depleted CTLs

Doxycycline and chloramphenicol treatment further inhibited mitochondrial protein synthesis in
the remaining functional mitochondria in Usp30~- CTLs (Figure 4.21). This result prompted the
analysis of CTL effector functions in USP30-deficient samples upon CAM and DOX treatment.
Specifically, I asked whether further depletion of mitochondrial translation in Usp307 CTLs would

result in an additive effect on killing capacity, cytosolic protein synthesis, and cytokine production.

First, 1 tested whether CAM and DOX treatment could have an additive effect on Usp30”
cytotoxicity. I co-incubated day 5 WT and Usp30” CTLs with target cells in standard CTL culture
media, or in media supplemented with either 10 pg/ml doxycycline or 500 pg/ml chloramphenicol
(Figure 4.27). Untreated WT CTLs killed quickly for the first 4h, after which the rate of cytotoxicity
slowed down. Complete target cells lysis was achieved after 12h of incubation with untreated WT
CTLs. USP30 depletion, CAM and DOX treatment all impaired CTL killing after 4h of incubation,
as previously observed (Figure 4.22). However, DOX and CAM treatment further reduced the
percentage of target cell lysis at 4h for both WT and Usp30~- CTLs when compared to their untreated
counterparts. DOX treatment on WT and Usp30”- CTLs resulted in a similar killing phenotype as in
the untreated Usp30”~ sample. By contrast, while CAM-treated WT CTLs exhibited similar
cytotoxicity as untreated Usp30”- CTLs, CAM treatment together with USP30 depletion resulted in a
further reduction of CTL killing.
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Figure 4.27. Cytotoxicity of Usp30” treated with CAM and DOX CTLs.

(A, B) Long-term (12h) killing assays (CTL:target ratio, 1:1) displaying percentage target lysis with day 5 WT and
Usp30”- CTLs treated with (A) 10 pg/ml doxycycline (DOX) or (B) 500 pg/ml chloramphenicol (CAM). Error bars
indicate average +SD of technical replicates within one representative experiment (4x10* targets and 4x10*

CTLs/sample). Data representative of at least three independent biological replicates.
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Next, I treated day 5 WT and Usp30”- CTLs with either 10 ug/ml doxycycline or 500 pg/ml
chloramphenicol while incubating them with HPG to measure cytosolic protein synthesis by flow
cytometry. As previously described (Figure 4.23), inhibition of mitochondrial translation in WT
CTLs diminished HPG incorporation, although not to the extent observed in USP30-depleted CTLs
(Figure 4.28A, B). Treating Usp30”~ CTLs with either chloramphenicol or doxycycline did not
substantially affect HPG incorporation. TCR stimulation partially rescued the effects of doxycycline
and chloramphenicol treatment on WT CTLs, while no reproducible effect on HPG incorporation
could be observed in DOX- and CAM-treated Usp30~- CTLs after TCR triggering. These results
indicated that neither CAM or DOX could further hinder cytosolic protein synthesis in Usp307 CTLs
as detected by HPG incorporation.

The mass spectrometry analysis of DOX-treated CTLs highlighted the downregulation of several
cytokine-related proteins (Figure 4.26). Therefore, I asked whether treating Usp307- CTLs with CAM
or DOX would further decrease cytokine synthesis upon TCR stimulation. Day 5 WT and Usp30~
CTLs were stimulated on a-CD3 for 4.5h either in standard CTL media, or in media supplemented
with either 10 pg/ml doxycycline or 500 pg/ml chloramphenicol. TNFa and IFNy expression was
analysed intracellularly by flow cytometry. As previously observed (Figure 3.19), cytokine
production was downregulated in USP30-depleted CTLs compared to WT (Figure 4.28 C-F).
Chloramphenicol and doxycycline markedly blunted cytokine synthesis in WT CTLs, in agreement
with the mass spectrometry data. Interestingly, DOX and CAM treatment in Usp30” CTLs induced
a further reduction in TNFa and IFNy synthesis, matching cytokine expression in CAM- and DOX-
treated WT CTLs. These results suggested that acute pharmacological inhibition of the remaining
mitochondrial translation in Usp30”~ CTLs can have a significant additive effect on cytokine

synthesis.
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Figure 4.28. CAM and DOX decrease cytokine synthesis in Usp30~- CTLs.

(A) HPG incorporation into day 5 WT and Usp30”~ CTLs treated for 1h with 500 pg/ml CAM or 10 pg/ml DOX to
inhibit mitochondrial translation. CTLs were either unstimulated (left) or stimulated with a-CD3 (right). Control
samples were treated with 100ug/ml CHX to inhibit cytosolic translation. (B) Quantitation of HPG MFI shown in
(A). (C, D) Intracellular cytokine staining for (C) TNFo and (D) IFNy in day 5 0-CD3-stimulated WT and Usp30~
CTLs treated with 10 pg/ml DOX or 500 pg/ml CAM as indicated. Control sample shows cytokine expression in
unstimulated day 5 WT CTLs. (E, F) Quantitation of (E) TNFa and (F) IFNy MFI. All error bars display average
+SD of technical replicates within one representative experiment (2x10° CTLs/sample). ***=p<0.001, **=p<0.01,

ns=not significant (two-tailed unpaired Student’s t-test). Data representative of three independent biological

4.11 Comparison of DOX-treated and USP30-depleted CTL proteomes

The mass spectrometry datasets obtained during the course of this work allowed the comparison

of CTL proteomes upon DOX treatment and USP30 depletion.

First, I compared protein expression in unstimulated CTLs. While no statistically significant
(FDR<10%) protein was found to be upregulated in both Usp30”~ and DOX-treated unstimulated
CTLs, 118 proteins were significantly downregulated (FDR<10%) by both USP30 depletion and
DOX treatment (Figure 4.29A). Among the most overrepresent protein classes in these datasets I

found proteins involved in mitochondrial translation (MRPS6, MRPS18A, MRPS18B, MRPS35,
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MRPL16, MRPL20, MRPL38, MRPL51, MRPL53, MRPL58), mitochondrial transport (RHOT1),
mitochondrial inner membrane organisation (CHCHD3, OXA1L) and mitochondrial transmembrane

transport (SLC25A12, SLC25AS, SLC25A4, SLC25A30, MCAT).

Oxidative phosphorylation was downregulated in both datasets (NDUF6, NDUFV2, MTND3, SDHB,
ATP5AF2, ATPSMF, ATPS5PD), together with cholesterol transport and biosynthesis (HMGCSI,
NPC2, CAT, LDLR, DHCR24, DHCR7, SQLE, SCP2, ACAT2, APOB), fatty acid oxidation
(ACAT2, DEGS1, ACOTS8, MCAT, ACSS2, ACADSB, ACOT2, SCP2), succinate metabolism
(SDHB, SUCLGI, SUCLG?2) and acetyl-CoA metabolism (ACOT2, ACOTS8, ACOT9, HMGCSI,
ACSA, ACADSB, ACSS2, SCP2, SUCLGI1, SUCLG2). Overall, 64% of statistically significant
proteins (FDR<10%) downregulated by both USP30 depletion and DOX treatment were classified

by GO enrichment analysis as proteins related to cellular metabolism.

Furthermore, the CD3e¢ subunit of the T cell receptor and the cytokine-regulating transcription factor
ETSI1 (Russell and Garrett-Sinha, 2010) showed reduced expression in both DOX-treated and Usp30-
~ CTLs. ETS1 downregulation was more pronounced after doxycycline treatment, potentially
providing a rationale for the enhanced reduction in cytokine synthesis observed in DOX-treated
samples (Figure 4.28 C-F). While the expression of a few cytokines (TNFa, IL-10, XCL1, LTa) and
cytokine receptors (IL4R, IL2RB, CXCR4) was decreased in both USP30-depleted and DOX-treated
unstimulated CTLs (Figure 4.29B), this effect was not statistically significant in both datasets.

Next, I compared the proteome of TCR-stimulated Usp30~- and DOX-treated CTLs (Figure 4.29C).
As in the unstimulated datasets, no protein was significantly upregulated (FDR<10%) by both DOX
treatment and USP30 depletion. 12 proteins were significantly downregulated in both TCR-triggered
datasets. Most of them were mitochondrial proteins (SLC25A3, GPD2, YARS2, TAMMA4l1,
POLDIP2, COQ9, MTND3, ROMOI1, TXN2). LPCAT4, an ER-resident protein involved in
phospholipid metabolism (Ye et al., 2005) was also downregulated upon TCR stimulation in both
USP30-depleted and DOX-treated CTLs. Furthermore, the cytokine IFNy and plasma membrane
receptor SLAMF7, which promotes the expression of exhaustion markers (O'Connell et al., 2021)
were also reduced in TCR-triggered Usp30”~ and DOX-treated CTLs.

As in the unstimulated datasets, several cytokines and chemokines (IL-10, IL-3, LTa, LIF, CCL4,
XCL1, TNFSF9, SPP1 and CSF2) together with the cytokine receptor IL4R appeared downregulated
by both USP30 depletion and DOX treatment in TCR-triggered CTLs (Figure 4.29D). However,

these changes in expression were not found to be statistically significant (FDR<10%) in both datasets.
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Figure 4.29. Comparison of proteomic changes in DOX-treated and USP30-depleted CTLs.

(A-D) Proteomes of day 5 CTLs from Usp30”~ CTLs compared with WT CTLs, and DOX-treated CTLs (10 pg/ml)
in which mitochondrial protein synthesis was inhibited compared with untreated CTLs. Plots show mass spectrometry
of (A, B) unstimulated and (C, D) a-CD3-stimulated CTLs. Dashed lines correspond to log,(FC)=0. Coloured dots
in (A, C) indicate proteins within the 10% false discovery rate (FDR) in the Usp30” vs WT dataset (green) and in
the DOX vs untreated dataset (blue). Red-labelled dots indicate proteins within the 10% FDR common to both
datasets. Cytokines are highlighted in magenta in (B, D). n.s.=not significant. Data representative of 4 independent
biological replicates (Usp307: 2 pg protein/sample; DOX: 1.5 pg/sample). Julia M. Marchingo oversaw the
processing of mass spectrometry samples and conducted the initial peptide analysis and protein copy number

quantification.
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4.12 Summary

In this Chapter I aimed to modulate the expression of peroxisomal and mitochondrial proteins to
assess whether the defects observed in Usp30”- CTLs could be ascribed to the loss of a specific
cellular function, rather than to a general loss of peroxisomes and mitochondria. During the course of
this analysis I found a requirement for mitochondrial translation in CTL cytotoxicity. Inhibiting
mitochondrial protein synthesis with chloramphenicol or doxycycline reduced killing and cytosolic
translation and hindered the synthesis of perforin, granzyme B, TNFa and IFNy in stimulated CTLs.

These results indicated that mitochondrial protein synthesis is required to sustain CTL killing.

Interestingly, calcium flux was differentially affected by chloramphenicol and doxycycline,
potentially highlighting differences in the mode of action of these two pharmacological treatments.
Furthermore, while USP30 depletion increased calcium flux in CTLs, DOX and CAM
supplementation reduced intracellular calcium concentration. These results could be due to different
effects caused by the removal of mitochondria (USP30 deletion) compared to the selective inhibition
of mitochondrial translation (CAM, DOX), or they could indicate a difference between the
downstream effect of chronic (Usp307) versus acute (CAM, DOX) depletion of mitochondrial
protein synthesis. Chloramphenicol and doxycycline treatment in Usp307- CTLs revealed a moderate
additive effect on CTL killing and a substantial additive effect on cytokine synthesis. While this is
likely to be caused by further inhibition of the remaining mitochondrial translation in Usp30~7- CTLs,
additional effects of CAM and DOX cannot be excluded at this stage, especially after considering the

downregulation of cytokine-related proteins observed by mass spectrometry in DOX-treated CTLs.

Finally, it is important to note that triggering peroxisomal defects (Farl/”- mouse) could have a
downstream effect on mitochondria, and vice versa, pharmacological inhibition of mitochondrial
function (DOX) could also affect peroxisomal protein expression. These results support previous
observations in mouse models and human diseases (Baes and Van Veldhoven, 2012; Goldfischer et

al., 1973) highlighting a complex interplay between peroxisomes and mitochondria.
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CHAPTER 5

Evaluation of mechanisms determining the inhibition of cytosolic

protein synthesis and cytotoxicity in Usp30”- CTL
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5.1 Background

Lack of USP30 resulted in loss in mitochondrial mass and function (Figure 3.3-7) but also in a
decrease in cytosolic protein synthesis (Figure 3.16B, C). De novo protein synthesis was required for
sustained CTL killing, and USP30 depletion prevented the replenishment of key cytolytic proteins,
thus inhibiting cytotoxicity (Figure 3.17). Notably, impairing mitochondrial translation with
chloramphenicol or doxycycline was sufficient to diminish cytosolic protein synthesis (Figure 4.23),

resulting in reduced expression of cytolytic proteins upon TCR stimulation (Figure 4.24).

Given the importance of de novo protein synthesis in sustaining CTL killing, I aimed to examine how
mitochondrial defects resulted in compromised cytosolic translation. Mitochondrial dysfunction can
be communicated to the cytosol in several ways, including via lack of mitochondrial protein import,
production of mitochondrial reactive oxygen species and activation of the integrated stress response,
all of which can result in a decrease in cytosolic protein synthesis (Boos et al., 2020; Topf et al.,
2019). It is currently unknown whether mitochondrial defects can trigger any of these responses in
CTLs. To address this question, I tested whether potential pathways known to link mitochondrial

homeostasis and cytosolic translation were altered in Usp30~ CTLs.

5.2 Measurement of mitochondrial reactive oxygen species in Usp30” CTLs

Mitochondrial oxygen consumption results in the generation of mtROS, involved in naive T cell
activation (Fischer et al., 2018; Sena et al., 2013) as well as TCR signalling in mature CTLs (Devadas
etal., 2002). However, mtROS generation in T cells can also be detrimental. Exhausted T cells, which
exhibit both loss of cytolytic capacity and disrupted mitochondrial morphology, experience aberrant
mtROS production, which further exacerbates cellular dysfunction (Scharping et al., 2021; Yu et al.,
2020). Within the context of cytosolic translation, aberrant mtROS release can change the oxidation
state of ribosomal proteins, inhibiting protein synthesis (Topf et al., 2018). Notably, mtROS have
recently been indicated to hinder translation in CTLs by inducing tRNA fragmentation (Yue et al.,

2021).

Usp307- CTLs showed loss of mitochondrial mass and disorganised cristac in the remaining
mitochondrial structures, suggesting disruption of the ETC (Figure 3.5). This hypothesis was
confirmed by measurement of mitochondrial membrane potential and OXPHOS, which were both
decreased in Usp30”- CTLs (Figure 3.3A, B; Figure 3.6A). As inhibition of ETC complexes can
result in mtROS release (Murphy, 2009), I examined whether the remaining mitochondria in Usp30-
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~ CTLs were sites of mtROS production as a potential mechanism for the reduction in cytosolic

protein synthesis observed in USP30-depleted CTLs.

I used the live cell superoxide indicator MitoSOX Red to quantify mtROS in day 5 WT and Usp30™
CTLs. This probe is actively sequestered by mitochondria, and it exhibits fluorescence upon mtROS-
mediated oxidation when excited at 510 nm. MitoSOX signal was barely detectable above the
unstained control in WT CTLs, suggesting low levels of mtROS (Figure 5.1). Antimycin A was used
to inhibit complex III of the ETC (Potter and Reif, 1952) and induce mtROS generation. The increase
in MitoSOX fluorescence in antimycin A-treated WT CTLs confirmed that MitoSOX could respond
to a surge in mtROS. By contrast, MitoSOX signal in Usp30”- CTLs was lower than in WT, and

antimycin A treatment led to a barely detectable upregulation of mtROS production.

While these results could suggest that the remaining mitochondria in Usp307- CTLs were not a source
of aberrant mtROS release, it is important to note that MitoSOX fluorescence also depends on nucleic
acid binding, as indicated by the manufacturer. mtDNA abundance was not measured in Usp30~
CTLs. However, given the depletion of mitochondria caused by loss of USP30, the amount of mtDNA
in Usp307- CTLs was likely to be lower than in WT. Therefore, scarcity of mtDNA might provide an
alternative explanation for the low MitoSOX signal in untreated and antimycin A-treated Usp30~

CTLs, as it could prevent MitoSOX binding and fluorescence independently from mtROS production.
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Figure 5.1. Usp30”~ CTLs show low MitoSOX fluorescence and are insensitive to antimycin A treatment.

(A) Flow cytrometry analysis of MitoSOX Red in day 5 WT and Usp30~ CTLs, treated with 10uM antimycin A
where indicated. 5x10° CTLs were analysed per sample. (B) Quantitation of MitoSOX Red MFI in day 5 WT and
Usp30~~ CTLs. Error bars show average +SD of technical replicates. **=p<0.01 (two-tailed unpaired Student’s t-

test). Data representative of two biological replicates.
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5.3 Examination of mTOR signalling in USP30-depleted CTLs

mTOR is a serine/threonine protein kinase acting as a nexus coordinating nutrient availability,
cell growth and catabolism (Saxton and Sabatini, 2017). mTOR can regulate cytosolic protein
synthesis by a number of independent mechanisms that rely on the phosphorylation of the ribosomal
S6 kinases (S6K1/2) and the elF4E binding proteins (4EBP1/2) (Saxton and Sabatini, 2017). In
addition to the ribosomal protein S6, SOK phosphorylates the eukaryotic initiation factors e[F4B and
elF3, promoting the assembly of the translation initiation complex (Holz et al., 2005). Moreover, S6K
can phosphorylate PDCDA4, a translational repressor that inhibits formation of the initiation complex
by sequestering elF4A (Loh et al., 2009). Phosphorylated PDCD4 is targeted for degradation,
resulting in enhanced cytosolic protein synthesis (Dorrello et al., 2006). Furthermore, the mTOR
target 4EBP can also act as a translational repressor by binding e[F4E and preventing its association
with elF4G (Haghighat et al., 1995). 4EBP phosphorylation allows for eIF4E release, which relieves

translational repression (Pause et al., 1994).

TCR stimulation triggers mTOR signalling in both naive CD8" T cells and CTLs. mTOR promotes
proliferation in newly activated naive CD8" T cells by inducing the expression of enzymes and
transporters involved in glycolysis, fatty acid and sterol metabolism, as well as ribosomal and
mitochondrial proteins (D'Souza et al., 2007; Howden et al., 2019). In activated CTLs, mTOR
sustains granzyme B, perforin, TNFa and IFNy protein expression, while inhibition of mTOR
upregulates CD62L (Hukelmann et al., 2016). Notably, granzyme B, perforin and cytokine synthesis
were decreased in Usp30” CTLs (Figure 3.15, 3.17-19), while CD62L expression was increased
(Figure 3.2 F-I). Given the well-described role for mTOR in cytosolic translation, I examined

whether mTOR signalling was altered in USP30-depleted CTLs.

Mass cytometry analysis indicated that S6 phosphorylation was unperturbed in TCR-stimulated
Usp30”- CTLs (Figure 3.121, Figure 5.2A). I further examined mTOR signalling by assessing the
abundance and phosphorylation of S6 and 4EBP1 in unstimulated and TCR-triggered WT and Usp30
~ CTLs. Total and phosphorylated 4EBP1 were upregulated in unstimulated Usp30”- CTLs (Figure
5.2B), while S6 expression and phosphorylation were unaffected (Figure 5.2C). Variability in total
S6 abundance was not reproducible across biological replicates. TCR stimulation induced
phosphorylation of S6 in both WT and Usp30~- CTLs (Figure 5.2C), which was consistent with the
mass cytometry results (Figure 3.12I, Figure 5.2A). By contrast, total and phosphorylated 4EBP1
were downregulated in TCR-triggered Usp30”~ CTLs (Figure 5.2C). Although 4EBPI
dephosphorylation is usually associated with inhibition of protein synthesis, the decrease in total

4EBP1 abundance suggested that lower levels of phospho-4EBP1 were due to a reduction in 4EBP1
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expression rather than to specific alterations in 4EBP1 phosphorylation. 4EBP1 expression and

phosphorylation were not reproducibly affected by TCR activation in WT CTLs.

The opposite trend in S6 and 4EBP1 phosphorylation was interesting, as phospho-S6 and phospho-
4EBP1 both promote translation, and they are also both mTOR targets. I further investigated the
nature of this phosphorylation event by treating CTLs with cycloheximide during TCR-mediated
stimulation. While S6 was unperturbed in both WT and Usp30~7 CTLs stimulated in the presence of
cycloheximide, the decrease in 4EBP1 expression and phosphorylation was not observed when
cytosolic protein translation was inhibited (Figure 5.2B). These results indicated that the abundance
of total and phosphorylated 4EBP1, but not S6, could be modulated by de novo protein synthesis in

the context of TCR stimulation.

Lastly, I examined the expression of the translational repressor PDCD4, which is upregulated in CTLs
upon mTOR inhibition (Howden et al., 2019). This protein was moderately upregulated in the mass
spectrometry of unstimulated Usp30~~ CTLs. To validate this result, I measured protein abundance
by immunoblot. PDCD4 expression was equivalent in day 5 WT and Usp30~~ CTLs (Figure 5.2D),
indicating that the reduction in cytosolic protein synthesis observed in USP30-depleted CTLs was not
caused by PDCD4 upregulation. Taken together, these results suggested that mTOR was unlikely to
hinder cytosolic translation in Usp30”- CTLs.
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Figure 5.2. mTOR signalling is unperturbed in WT and Usp30”- CTLs.

(A) Quantitation of phosphorylated S6 detected by mass cytometry in TCR-stimulated (a-CD3) WT and Usp30™
CTLs (1.6x10° cells/sample). Error bars indicate average +SD of two biological replicates. ns=not significant (two-
tailed paired Student’s t-test). (B-D) Immunoblots showing (B) total 4EBP1, phosphorylated 4EBP1, phosphorylated
S6, (C) total S6 and (D) total PDCD4 expression in day 5 WT and Usp30” CTLs (3.33 g lysate/sample). TCR

stimulation (a-CD3) and 100pg/ml CHX treatment were added where indicated. Data representative of at least two

independent biological replicates.
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5.4 The ISR does not cause translation and cytotoxicity defects in Usp30” CTLs

Cellular insults including hypoxia, oxidative and ER stress, amino acid depletion, heme
deprivation and viral infection can activate the ISR (Pakos-Zebrucka et al., 2016). The ISR is
triggered by four kinases (GCN2, PERK, PRK, HRI) which phosphorylate the o subunit of the
initiation factor elF2 (elF2a). The GTP-bound form of the elF2 complex mediates the association
between the 40S ribosomal subunit and Met-tRNAF, supplying the initiator methionine required for
protein synthesis (Safer et al., 1975). elF2 is then released as a GDP-bound complex, and it is
activated again by the GEF elF2B, which catalyses the regeneration of GTP-bound elF2 (Siekierka
et al., 1982). elF2a phosphorylation by the ISR kinases impairs the GEF activity of e[F2B (Siekierka
etal., 1982), resulting in inhibition of protein synthesis. Notably, a small subset of proteins displaying

short open reading frames in their 5> UTR are preferentially translated upon ISR activation. These
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include the ISR master transcription factor ATF4, which ameliorates the response to oxidative stress

and upregulates amino acid transport (Harding et al., 2000; Harding et al., 2003).

Several studies have indicated that mitochondrial dysfunction, including inhibition of mitochondrial
translation, can lead to downregulation of cytosolic protein synthesis (Boos et al., 2020; Topf et al.,
2019). Specifically, the ISR has been suggested to act as a link between mitochondrial stress and
cytosolic translation via the kinase HRI (Fessler et al., 2020; Guo et al., 2020) and the transcription
factor ATF4 (Molenaars et al., 2020; Quiros et al., 2017). Therefore, I investigated whether the

reduction of cytosolic translation in Usp30~~ CTLs was induced by activation of the ISR.

Mass spectrometry analysis of unstimulated day 5 Usp30” CTLs revealed that out of the 34
significantly upregulated proteins (log2(FC)>1, FDR<10%), 11 were known to be associated with the
ISR (CA2, AVIL, BCL2L11, CTH, NIBAN1, BBC3, SLC6A9, IFRD1, PLIN2, CEBPB, HMOX1),
(Figure 5.3A). ATF4 was not detected by mass spectrometry. [ used immunoblotting to analyse ATF4
expression in unstimulated day 5 WT and Usp30~- CTLs. ATF4 was upregulated in CTLs lacking
USP30 (Figure 5.3B). Interestingly, chloramphenicol treatment could also trigger an increase in
ATF4 expression (Figure 5.3C). Taken together, these results suggested that loss of USP30 and

mitochondrial translation inhibition could trigger the ISR.

Next, I assessed the expression of total and phosphorylated elF2a in day 5 unstimulated and TCR-
triggered WT and Usp30”~ CTLs. Total elF2a was equivalent in WT and Usp30~~ CTLs, regardless
of TCR stimulation (Figure 5.3D). Phosphorylation of elF2a appeared reduced in unstimulated
Usp30”- CTLs compared to their WT counterparts. TCR stimulation triggered elF2a
dephosphorylation in the WT, while this effect was less pronounced in USP30-depleted CTLs.
Cycloheximide treatment prevented elF2a dephosphorylation, indicating that this event depends on

de novo cytosolic protein synthesis in the context of TCR signalling.

These results were surprising, as elF2a phosphorylation is associated with downregulation of
cytosolic protein synthesis (Pakos-Zebrucka et al., 2016). However, cytosolic translation was more
efficient in WT than in Usp30”- CTLs (Figure 3.16B, C), suggesting that the higher levels of
phospho-eFI2a were not sufficient to result in translation inhibition. Furthermore, ATF4 upregulation
depends on elF2a phosphorylation (Harding et al., 2000). However, phospho-eFI2a was not
upregulated in Usp30~- CTLs (Figure 5.3D), while the expression of ATF4 was increased (Figure

5.3B), pointing to an elF2a-independent mechanism inducing ATF4 expression.
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Figure 5.3. The ISR is upregulated by loss of USP30 and inhibition of mitochondrial translation.

(A) Volcano plot of upregulated proteins in day 5 Usp30~- CTLs compared to WT (2 pg protein/sample). Vertical bar

denotes log2(FC)>1. Horizontal dotted line corresponds to the uncorrected p=0.05 threshold. Coloured dots show

hits within the 5% and 10% false discovery rate (FDR) range and GOCC-defined mitochondrial proteins. ISR proteins
are labelled by gene names. (B, C) Western blots showing ATF4 in day 5 unstimulated (B) WT and Usp30” CTLs,
and (C) untreated and chloramphenicol (CAM)-treated CTLs (3.33 pg lysate/sample). Unspecific band in ATF4
immunoblot is labelled by (*). (D) Total and phosphorylated eIF2a in day 5 WT and Usp307- CTLs, stimulated with

a-CD3 and treated with 100pug/ml CHX where indicated (3.33 pg lysate/sample). Data representative of (A) 4 and

(B-D) three independent biological replicates. Julia M. Marchingo oversaw the processing of mass spectrometry

samples and conducted the initial peptide analysis and protein copy number quantification.
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As Usp307- CTLs showed upregulation of ATF4 and additional ISR markers, I tested whether
suppressing the ISR would relieve the defect in cytosolic protein synthesis. I used the ISR inhibitor
ISRIB (Sidrauski et al., 2013), which renders elF2B insensitive to elF2a phosphorylation, thus
promoting elF2B GEF activity (Zyryanova et al., 2021).

First, I used ATF4 expression to test the efficiency of ISRIB. ATF4 abundance was analysed by
immunoblot in ISRIB-treated day 5 WT and Usp30” CTLs. The effects of ISRIB were tested both in
the presence and in the absence of TCR stimulation. As previously observed (Figure 5.3B), ATF4
expression was upregulated in unstimulated USP30-depleted CTLs (Figure 5.4A). ISRIB treatment
downregulated ATF4 in both unstimulated WT and Usp307 CTLs, although ATF4 expression
remained higher in the KO sample. These results indicated that ISRIB could inhibit the ISR in CTLs.
Furthermore, these data suggested that the lower levels of elF2a phosphorylation in Usp30”- CTLs
(Figure 5.3D) were sufficient to trigger ATF4 upregulation. Intriguingly, TCR stimulation increased
ATF4 expression, resulting in similar ATF4 abundance in TCR-activated WT and Usp30~~ CTLs.
While ISRIB could decrease ATF4 in TCR-stimulated Usp30~- CTLs, the enhanced ATF4 expression
observed in stimulated WT CTLs was resistant to ISRIB. This result pointed to a TCR-dependent,
elF2a/B-independent pathway for ATF4 upregulation that appeared to be active in WT but not
USP30-depleted CTLs.

Next, I examined whether ISR inhibition would rescue cytosolic protein synthesis in USP30-depleted
CTLs. Day 5 WT and Usp30” CTLs were incubated with HPG and ISRIB, and either left
unstimulated or triggered by TCR activation. HPG incorporation was efficient in WT CTLs, and only
modestly upregulated by TCR stimulation or ISRIB treatment (Figure 5.4B, C). As previously noted
(Figure 3.16B, C), HPG incorporation was less efficient in Usp30~~ CTLs, and a bimodal distribution
could be observed upon TCR triggering, highlighting a population of highly translating CTLs that
mirrored WT HPG incorporation (Figure 5.4B, C). ISRIB treatment increased the percentage of
CTLs in the efficiently translating population in both unstimulated and TCR-activated Usp30”~ CTLs.
Nevertheless, neither TCR stimulation nor ISRIB treatment restored WT-like cytosolic protein
synthesis in USP30-depleted CTLs. Prolonging the incubation with ISRIB and TCR stimulation
(Figure 5.4B, C) improved HPG incorporation in all samples, although Usp30~- CTLs still showed a
deficiency when compared to their WT counterparts. These results indicated that ISR activation likely
contributes to the decrease in cytosolic protein synthesis detected in USP30-depleted CTLs. However,
the ISR did not appear to be the predominant mechanism inhibiting cytosolic translation, as ISRIB

treatment could not fully restore cytosolic protein synthesis in Usp30~- CTLs.
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Given the partial increase in cytosolic protein synthesis observed upon ISRIB treatment in Usp30”
CTLs, I assessed whether the expression of granzyme B and perforin would be similarly affected.
CTLs were either left unstimulated to evaluate the abundance of cytolytic proteins at steady-state, or
stimulated by TCR activation to determine de novo synthesis of cytolytic proteins (Figure 5.4D, E).
Neither granzyme B nor perforin expression was substantially affected by the inhibition of the ISR.
Granzyme B and perforin remained unperturbed in ISRIB-treated unstimulated WT CTLs, although
a small upregulation could be observed in newly synthesised forms of both cytolytic proteins in TCR-
stimulated WT samples treated with ISRIB. Unstimulated Usp30”~ CTLs appeared to show a
moderate increase in granzyme B and perforin expression after ISRIB treatment, while de novo
protein synthesis in Usp30”- CTLs was only slightly upregulated for granzyme B upon both ISRIB

treatment and TCR stimulation.

While inhibition of the ISR was found to partially rescue translation in Usp30~”~ CTLs, granzyme B
and perforin expression was not restored in ISRIB-treated Usp30”- CTLs. Next, I tested whether
ISRIB treatment would rescue cytotoxicity in USP30-depleted CTLs. CTLs and target cells were co-
incubated in either standard CTL culture media, or in media supplemented with ISRIB (Figure 5.4F).
Neither WT nor Usp30- killing was affected by ISRIB treatment, indicating that the ISR is not the
primary cause for the loss of killing observed in USP30-depleted CTLs.
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Figure 5.4. ISR inhibition does not rescue translation and cytotoxicity in day 5 Usp30” CTLs.

(A) Western blot showing ATF4 expression in day 5 WT and Usp30~~ CTLs (3.33pg lysate/sample) treated with
100nM ISRIB and stimulated by TCR triggering (a-CD3). (B) HPG incorporation in in day 5 WT and Usp30"~ CTLs
(2x10° cells/sample) treated with 100nM ISRIB, with a-CD3 stimulation where indicated. 100pg/ml CHX was used
in control samples to inhibit cytosolic protein synthesis. Dotted line delineates the position of the gate used to
determine the percentage of CTLs showing high HPG incoporation. (C) Quantitation of populations expressing high
HPG MFI as indicated in (B). no stim=unstimulated CTLs. (D) Immunoblot showing granzyme B (GZMB)
expression and synthesis in day 5 WT and Usp30”~ CTLs (3.33 pg lysate/sample) treated with 100nM ISRIB. Newly
synthesised GZMB labelled by (*). (E) Immunoblot showing perforin (PRF1) expression and synthesis in day 5 WT
and Usp307 CTLs (1.5 pg lysate/sample) treated with 100nM ISRIB. Immature (1), intermediate (2) and mature (3)
forms of perforin are labelled. CTLs were stimulated with a-CD3 (TCR stimulation) or treated with CHX where
indicated. (F) Long-term (12h) killing assays (CTL:target ratio, 1:1) displaying percentage of target lysis with day 5
WT and Usp30”~ CTLs treated with 100nM ISRIB (4x10* targets and 4x10* CTLs per sample). Error bars show
average +SD of technical replicates. ***=p<0.001, **=p<0.01, *=p<0.05 (two-tailed unpaired Student’s t-test). Data

representative of at least three biological replicates.
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5.5 Nucleofection alters CTL cytotoxicity and cytosolic protein synthesis

The results obtained with ISRIB showed that inhibiting the ISR by restoring eIF2B GEF activity
could not restore protein synthesis and cytotoxicity in Usp30~~ CTLs. However, ATF4 upregulation
in TCR-triggered CTLs indicated the presence of an elF2a-independent mechanism that could affect
ATF4 expression. elF2a-independent activation of ATF4 has been previously reported (Mazor and
Stipanuk, 2016; Munch and Harper, 2016). For instance, mTOR can induce ATF4 expression
independently from elF2a phosphorylation to promote amino acid synthesis and transport (Ben-Sahra
et al.,, 2016; Park et al., 2017). Mitochondrial dysfunction can also trigger ATF4 upregulation
independently of canonical ISR kinases (Quiros et al., 2017). This results in a retrograde stress

response in the cytosol which can be ablated by genetic deletion of ATF4 (Quiros et al., 2017).

To test whether mitochondrial dysfunction in CTLs could be mediated by ATF4, I used the
CRISPR/Cas9 system to disrupt ATF4 expression in Usp307- CTLs. As described previously (Chapter
4), the CRISPR procedure was performed by nucleofection. Genetic deletion of 4#/4 was successful
in both WT and Usp30~- CTLs (Figure 5.5A). Notably, the nucleofection procedure upregulated
ATF4 in WT CTLs, while nucleofection with non-targeting guide crRNA appeared to reduce ATF4
abundance in Usp30~~ CTLs. As previously observed (Figure 4.18A, B), nucleofection of WT CTLs
increased granzyme B expression (Figure 5.5B). Intriguingly, nucleofection of USP30-depleted
CTLs was also sufficient to upregulate granzyme B, and Usp30~ Atf4 CRISPR KO CTLs showed
similar granzyme B expression as nucleofected WT CTLs. To test whether the upregulation of
granzyme B was functionally relevant, I incubated control and CRISPR KO CTLs with target cells
and measured target cell lysis. All WT samples exhibited similar cytotoxicity (Figure 5.5C). By
contrast, nucleofection in the absence of any CRISPR KO reagent was sufficient to rescue
cytotoxicity in USP30-depleted CTLs. CRISPR KO with non-targeting crRNA appeared to further
enhance cytotoxicity in Usp30~ CTLs.

Taken together, these results indicated that both nucleofection and introduction of CRISPR reagents
altered ATF4 expression in CTLs, suggesting activation of the ISR. Furthermore, nucleofection
upregulated the expression of the cytolytic protein granzyme B and rescued the killing defect
observed in Usp30”- CTLs. While these data did not conclusively point to an involvement for ATF4
in the inhibition of translation and cytotoxicity observed upon USP30 depletion, they showed that

nucleofection significantly alters protein expression and cytolytic capacity in CTLs.
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Figure 5.5. Nucleofection is sufficient to rescue granzyme B expression and cytotoxicity in Usp30~~ CTLs.

(A) Immunoblots for ATF4 expression in WT and Usp30” CTLs control and CRISPR KO samples (3.33 pg
lysate/sample). (B) Immunoblot showing granzyme B (GzmB) expression in non-nucleofected and nucleofected WT
and Usp307 CTLs (3.33 ug lysate/sample). (C) Long-term (12h) killing assays (CTL:target ratio, 1:1) displaying
percentage of target lysis with WT and Usp30~ control and CRISPR KO CTLs (4x10* targets and 4x10* CTLs per
sample). Error bars indicate average +SD of technical replicates. Data representative of two independent biological

replicates.

The increase in granzyme B expression and cytotoxicity in nucleofected Usp30~~ CTLs was
surprising, as it suggested that the nucleofection procedure in the absence of any other reagent was
sufficient to rescue defects caused by mitochondrial depletion. However, it was unclear whether this
rescue was caused by triggering of a stress pathway (e.g. the ISR, as shown by ATF4 upregulation)
or by a direct effect of the nucleofection procedure on mitochondrial mass and function. To
discriminate between these two possibilities, I conducted a preliminary experiment to measure

mitochondrial mass and membrane potential in nucleofected CTLs.

MitoTracker Deep Red was used to quantify mitochondrial mass in WT and Usp30”- CTLs (Figure
5.6A-C), while TMRE was used to detect mitochondrial membrane potential (Figure 5.6D-F). The
percentage of USP30-deficient CTLs that were positive for either of these mitochondrial markers was
increased upon nucleofection, indicating that a higher number of CTLs retained mitochondria, and
that these mitochondria displayed a surge in membrane potential. While all WT CTLs exhibited
MitoTracker Deep Red and TMRE signal both before and after nucleofection, the fluorescence
intensity of these two mitochondrial markers appeared enhanced in some of the nucleofected CTLs.

The ATF4 CRISPR KO yielded variable results that could not be confidently interpreted in the
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context of this preliminary data. Nevertheless, these observations suggested that the nucleofection

method might result in CTLs with elevated mitochondrial mass and membrane potential.
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Figure 5.6. Nucleofected CTLs show enhanced mitochondrial mass and membrane potential.

(A) Flow cytometry analysis of Mitotracker Deep Red fluorescence in WT and Usp30” CTLs (10° CTLs per sample).
(B, C) Quantitation of (B) percentage of CTLs displaying MitoTracker Deep Red signal, and (C) MitoTracker Deep
Red MFI. (D) Flow cytometry analysis of TMRE fluorescence in WT and Usp307 CTLs (10° CTLs per sample). (E,
F) Quantitation of (E) percentage of CTLs displaying TMRE signal, and (F) TMRE MFI. Samples were either not
nucleofected (no nuc), nucleofected without CRISPR reagents (nuc ctrl), nucleofected with Cas9, tracrRNA and non-
targeting guide crRNA (n.t. ctrl) or nucleofected with Cas9, tracrRNA and guide crRNA targeting A#f4. The unstained
control is displayed as a dotted line curve. Dashed line indicates the threshold used to quantify positive signal in (C,

E). Data representative of one biological replicate.
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5.6 Metabolic enzyme expression is dysregulated in Usp30” CTLs

While several mechanisms have been suggested to link mitochondrial dysfunction to cytosolic
protein synthesis, none of the pathways tested (increased ROS production, altered mTOR signalling,
activation of the ISR) appeared to be the predominant cause for the loss of cytosolic translation
observed in Usp307- CTLs. Of note, these mechanisms would inhibit all protein synthesis, while the
downregulation of protein expression occurring upon loss of USP30 appeared to selectively affect a

subset of proteins (Figure 3.18; Figure 3.20).

Protein abundance is known to be tightly regulated at the post-transcriptional level in cells of the
immune system (Salerno et al., 2020; Turner and Diaz-Munoz, 2018). This confers selectivity to the
regulation of protein expression upon TCR stimulation, allowing for rapid yet controlled synthesis of
cytokines and cytolytic proteins. This regulation can be mediated by RNA-binding proteins (RBPs),
which bind to either their own mRNA or to RNAs sharing a common motif. One of the most-well
characterised motifs is an AU-rich element (ARE) found in the 3’ UTR, which is common to several
cytokines and thought to determine their mRNA stability (Shaw and Kamen, 1986). Given that loss
of USP30 results in selective downregulation of protein synthesis, and specifically in reduced
expression of cytokines, perforin and granzyme B, I asked whether post-transcriptional regulation by

RBPs could modulate protein expression in Usp30”- CTLs.

First, we tested whether the downregulated proteins in Usp307 CTLs shared a common AU-rich
motif in their 3 UTR. The bioinformatics analysis was performed by Arianne Richard. We selected
all proteins with a statistically significant decrease in expression (FDR<10%) that had not been
described to localise nor transiently associate with mitochondria or peroxisomes. These proteins were
unlikely to be direct targets of USP30, and could therefore reveal an alternative mechanism of post-
transcriptional regulation. This list was first searched for the presence of 3’ UTR ARE, which did not
appear to be enriched in the mRNAs of downregulated proteins. Next, we asked whether changes in
protein expression could be determined by a common motif other than ARE in their 5* or 3’ UTR, or
in the mRNA coding sequence. No common motif was found in any of the tested sequences. These
results indicated that the selective downregulation of protein expression in USP30-deficient CTLs

was not likely to be due to AU-rich motifs.

One of the most dramatic changes observed in Usp30” CTLs was loss of oxidative phosphorylation,
together with enhanced reliance on glycolysis (Figure 3.6). Analysis of the mass spectrometry data
highlighted a reduction in the expression of enzymes involved in cholesterol metabolism, TCA cycle,

and surprisingly glycolysis (Chapter 3). Lack of USP30 also resulted in a decrease in peroxisomes
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(Figure 3.8), which might suggest additional alterations in fatty acid oxidation. Taken together, these

observations indicated that Usp30~~ CTLs experienced a profound metabolic rewiring.

Adaption to different nutrient sources can disengage specific enzymes from metabolism and allow
them to moonlight as RNA-binding proteins (Chang et al., 2013). Several RBPs include enzymes
involved in glycolysis, gluconeogenesis, the TCA cycle, fatty acid synthesis, and amino acids and
nucleotide metabolism (Castello et al., 2015). RBPs can act as post-transcriptional regulators in CTLs,
mediating the expression of key cytolytic proteins such as granzyme B, TNFa and IFNy (Chang et
al., 2013; Salerno et al., 2020; Turner and Diaz-Munoz, 2018). The concerted action of multiple RBPs
recognising different motifs could have hindered the detection of a common binding sequence in our
analysis. Therefore, I examined whether the expression of multiple metabolic enzymes known to

moonlight as RBPs was altered in our mass spectrometry dataset.

Proteomics data from both unstimulated and TCR-triggered day 5 Usp30”- CTLs were searched for
metabolic enzymes described as moonlighting RBPs (Beckmann et al., 2015; Castello et al., 2015;
Ciesla, 2006; Garcin, 2019; Turner and Diaz-Munoz, 2018). NMT1 and ASS1 were upregulated in
unstimulated Usp307- CTLs, while 29 RBP enzymes showed reduced expression (CAT, GDTPI1,
ENOI1, IMPDHI1, LDHA, FASN, PAFAH1B3, TPI1, ALDOA, DUT, PGK1, DHCR7, PKM, PGK2,
ACOIl, FDPS, DLD, HK2, IDH1, IDH2, MDH2, ATP5F1B, HSD17B10, ALDH18A1, FADS2,
HADHB, ACAA2, CS, SUCLGI) (Figure 5.7A). Most of the downregulated RBPs were localised
to either mitochondria or peroxisomes, indicating that their altered expression was likely due to
increased mitophagy and pexophagy in Usp307 CTLs. Among them, ENO1, FADS2, PGK1 can
either transiently localise to the mitochondria or interact with mitochondrial proteins (Didiasova et
al., 2019; Park et al., 2015; Qattan et al., 2012), which might have resulted in their promiscuous
ubiquitination in the absence of USP30. By contrast, other RBP enzymes that were found to be
downregulated in Usp30”~ CTLs are not known to associate with mitochondria. These were either
cytosolic (NMT1, IMPDH1, PAFAHIB3, ALDOA, PGK2 and TPI1) or ER-resident proteins
(DHCR?7).

To further characterise the expression of RBP metabolic enzymes in USP30-depleted CTLs, I
searched for RBPs in the mass spectrometry dataset from TCR-activated CTLs. 32 RBP enzymes
were downregulated in TCR-triggered Usp307 CTLs compared to their WT counterparts (Figure
5.7B). 84% of RBP enzymes showing decreased expression in TCR-triggered Usp307 were also
downregulated in unstimulated conditions. While most of these proteins (24) were localised to either
mitochondria or peroxisomes, 8 RBPs were either cytosolic or ER-resident proteins as detailed above

(PAFAHIB3, ALDOA, PGK2, TIPI1, DHCR7) or proteins that can transiently associate with
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mitochondria, including the previously described ENO1 and PGK1, together with GAPDH (Tristan
etal., 2011). No RBP enzyme was overexpressed in TCR-stimulated day 5 Usp307 CTLs.

Of note, inhibition of mitochondrial protein synthesis via DOX treatment could also alter the
expression of metabolic enzymes moonlighting as RBPs. Analysis of unstimulated DOX-treated
CTLs revealed that four metabolic RBPs were downregulated in both DOX-treated and USP30-
depleted CTLs (ATPSF1B, DLD, DHCR7, CAT, IMPDHI1) (Figure 5.7C). None of the RBP
enzymes showing a statistically significant change in expression in Usp30” CTLs (FDR<10%) were

significantly altered in the dataset from TCR-triggered, DOX-treated CTLs (Figure 5.7D).
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Figure 5.7. Enzymes moonlighting as RBPs show altered expression in Usp30” and DOX-treated CTLs.

(A, B) Volcano plots of upregulated (right quadrant) and downregulated (left quadrant) proteins in (A) unstimulated,

and (B) TCR-triggered day 5 Usp30”~ CTLs compared to WT (2 pg protein/sample). (C, D) Volcano plot of

upregulated (right quadrant) and downregulated (left quadrant) proteins in (C) unstimulated, and (D) TCR-triggered

DOX-treated CTLs (10 pg/ml) compared to untreated (1.5 pug protein/sample). Dotted horizontal line corresponds to

the uncorrected p=0.05 threshold. Coloured dots show hits within the 5% and 10% false discovery rate (FDR) range.

RBP enzymes are labelled by gene name. n.s=not significant. Data representative of 4 biological replicates. Julia M.

Marchingo oversaw the processing of mass spectrometry samples and conducted the initial peptide analysis and

protein copy number quantification.
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5.7 Summary

The suboptimal cytosolic translation detected in Usp307- CTLs prompted an analysis of multiple
pathways that could link mitochondrial dysfunction to the inhibition of cytosolic protein synthesis.
While none of the tested mechanism could be conclusively determined to be the cause of the
translational defect in Usp30”~ CTLs, a number of interesting observations were made during the

course of this analysis.

First, I showed that ISR activation in Usp30”~ CTLs is not the primary cause of the deficiency in
cytosolic protein synthesis. Inhibition of the ISR using ISRIB resulted in only partial restoration of
cytosolic translation and had no substantial effect on cytotoxicity nor on the synthesis of granzyme B
and perforin. This result was interesting, as a number of recent studies have highlighted the ISR as
the key pathway mediating mitochondrial dysfunction (including defects in mitochondrial translation)
and inhibition of cytosolic protein synthesis (Fessler et al., 2020; Guo et al., 2020; Molenaars et al.,
2020; Quiros et al., 2017). Taken together, these observations point to the existence of additional
mechanisms mediating the communication between mitochondrial homeostasis and protein synthesis

in the cytosol.

One of these mechanisms could rely on post-transcriptional regulation of gene expression by RBPs.
Usp307- CTLs show loss of enzymes involved in OXPHOS and the TCA cycle. Metabolic rewiring
allows enzymes to moonlight as RNA-binding proteins (Chang et al., 2013). Interestingly, the
expression of several metabolic RBPs was disrupted in both USP30-depleted and DOX-treated CTLs.
RBPs could provide an additional level of regulation to the post-transcriptional control of protein
synthesis, potentially suggesting a putative mechanism for the selective downregulation of protein

expression observed in Usp30~- CTLs.

Finally, I demonstrated that the nucleofection procedure used to introduce CRISPR reagents in CTLs
induced changes in protein expression and mitochondrial phenotypes. Not only was ATF4
upregulated by nucleofection, indicating that this technique is likely to induce the integrated stress
response, but an increase in granzyme B was also observed upon nucleofection. This effect was
detectable in both WT and USP30-depleted CTLs, and likely contributed to the rescue of cytotoxicity
observed in nucleofected Usp30”~ CTLs. Intriguingly, CTL nucleofection appeared to select for cells
with enhanced mitochondrial mass and mitochondrial membrane potential. Given the evidence
provided both in the existing literature and throughout the course of this work on how mitochondria
can affect CTL function, this highlights an important limitation of the use of nucleofection for the

manipulation of CTL gene expression.
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CHAPTER 6

Discussion
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6.1 Summary of Results

The overarching question addressed by this work was to define the role of mitochondria in CTL
cytotoxicity. First, I asked how the loss of USP30 affected CTL killing. Secondly, I evaluated the
contribution of different mitochondrial functions to cytotoxicity. Lastly, I investigated the connection

between mitochondrial dysfunction and cytosolic protein synthesis in Usp307 CTLs.

In Chapter 3, I showed that loss of USP30 did not only result in a decrease in mitochondria and
peroxisomes, as previously described (Bingol et al., 2014; Marcassa et al., 2018; Nakamura and
Hirose, 2008; Riccio et al., 2019) but also in impairment of cytosolic protein synthesis. I demonstrated
that de novo protein synthesis was essential to sustain prolonged CTL killing, and that either USP30
depletion or cytosolic protein synthesis inhibition precluded the replenishment of cytolytic proteins
required for serial killing. Preventing mitophagy was sufficient to rescue the defects observed in
Usp307- CTLs, confirming that mitochondria play a critical role in cytosolic translation and

cytotoxicity.

In Chapter 4, I used both mouse models and the CRISPR/Cas9 technique to ask whether the reduction
in cytosolic translation and killing could be ascribed to the deficiency of a specific peroxisomal or
mitochondrial function. This work indicated that inhibiting mitochondrial protein synthesis was
sufficient to decrease cytosolic translation, negatively affecting the de novo synthesis of granzyme B,
perforin and cytokines upon TCR triggering. Overall, impairment of mitochondrial translation

resulted in loss of sustained killing, similarly to Usp30” CTLs.

In Chapter 5, I examined potential mechanisms that could link mitochondrial homeostasis and
cytosolic protein synthesis. Specifically, I tested the involvement of the ISR and showed that it was
not the predominant pathway impairing cytosolic translation and killing in Usp30~~ CTLs. As the loss
of USP30 appeared to selectively affect a subset of proteins, I analysed the expression of metabolic
enzymes that can moonlight as RNA-binding proteins, thus modulating post-transcriptional
expression in CTLs (Castello et al., 2015; Chang et al., 2013; Turner and Diaz-Munoz, 2018). RBP
expression was altered in both Usp307 and DOX-treated CTLs, potentially providing a putative
mechanism for the selective downregulation of cytosolic protein synthesis in CTLs exhibiting

deficient mitochondrial function.

Overall, this work built on the initial findings from the 3i consortium (Abeler-Dérner et al., 2020)
and revealed a novel role for both USP30 and mitochondrial translation in CTL cytotoxicity, thus

uncovering a crucial mechanism promoting efficient adaptive immunity.
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6.2 The Usp30”- mouse as a model for studying mitochondria in CTL

One of the most important results of this work is the establishment of the Usp30” mouse as a
model to study mitochondrial dysfunction in CTLs. Genetic deletion of Usp30 did not impair the
viability nor development of these mice. However, loss of USP30 affected both innate and adaptive
immunity, as suggested by altered inflammation in DSS-induced colitis and decreased CD8" T cell

cytotoxicity (Abeler-Dérner et al., 2020).

Perturbing mitochondrial function using either in vivo pharmacological treatments or constitutive
mouse knockout models is known to cause defects in T cell development (Corrado et al., 2021;
Desdin-Mico et al., 2020; Ramstead et al., 2020; Sena et al., 2013; Tan et al., 2017a), hindering the
investigation of differentiated T cells. However, percentages of CD4" and CD8" T cells in murine
spleens were not affected by the loss of USP30, nor were the relative ratios of naive, memory, effector
and regulatory T cells. These results suggested that USP30 is not essential during T cell development
and differentiation. In addition, mitochondrial mass and membrane potential were equivalent in naive
WT and Usp307 T cells, with loss of mitochondria and peroxisomes occurring only 5-7 days after T
cell activation. These results indicated that naive CD8" T cells do not require USP30 to ensure
maintenance of mitochondrial mass and function. Despite their reliance on OXPHOS, naive T cells
have little mitochondrial content (Chang et al., 2013; Levine et al., 2021; Sena et al., 2013; Tan et al.,
2017a; Yi et al., 2006). Given their characteristic quiescent state (Pearce, 2010; Wolf et al., 2020),
mitophagy rates are likely to be low in naive T cells, thus relieving the need for USP30-dependent
deubiquitination. Therefore, the Usp30~- mouse model presents the opportunity to study the effects

of mitochondrial depletion without skewing T cell differentiation.

By contrast, USP30 is required to maintain mitochondrial mass and function in activated T cells.
TEM analysis showed a higher percentage of “ghost-like” mitochondria exhibiting either missing or
highly disrupted inner cristae structure in Usp307- CTLs. These results were consistent with the role
for USP30 described in other cell types (Bingol et al., 2014; Nakamura and Hirose, 2008). Not only
does USP30 prevent mitophagy, but it also regulates protein import into the mitochondria by
modulating the ubiquitination of the channel TOM20 (Phu et al., 2020). As over 90% of the
mitochondrial proteome is synthesised in the cytosol and needs to be imported into the mitochondria
(D'Souza and Minczuk, 2018), the appearance of “empty” mitochondria is consistent with impaired

mitochondrial import upon loss of USP30.

It is interesting to note that the use of Usp30”~ CTLs might allow for investigation of
PINK1/PARKIN-independent mitophagy. While disruption of mitochondrial membrane potential is
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thought to allow for PINK1 stabilisation (Lin and Kang, 2008), no increase in PINK1 expression was
detected in the mass spectrometry of Usp307 CTLs. PINKI1 detection by immunoblot was also
inconclusive. Flow cytometry analysis of WT and USP30-depleted CTLs showed equivalent
mitochondrial mass and membrane potential on day 3 post-activation, followed by a sudden decrease
in mitochondrial abundance and membrane potential in Usp30~~ CTLs by day 5 post-stimulation. As
PINK expression was examined at the time point when the loss of mitochondria was more significant
(day 5 post-stimulation), PINK 1 accumulation might be more easily detectable at an earlier time point

(day 3 or 4 post-stimulation) when mitophagy appears to be triggered.

Interestingly, PINK1 and PARKIN peptides were not found in either unstimulated nor activated
CD4%, CD8" and NK cells according to the Immunological Proteome Resource database
(http://immpres.co.uk), and PINK1 accumulation could not be detected by immunoblot in FCCP-
treated CTLs. Both mouse (McWilliams et al., 2018) and Drosophila models (Lee et al., 2018) have

shown that PINK 1 and PARKIN deficiency do not preclude mitochondrial degradation, emphasising
the existence of alternative pathways regulating mitophagy. Mitochondrial damage induces
translocation of the inner mitochondrial membrane lipid cardiolipin to the OMM, where it can recruit
the autophagosome via interaction with LC3 (Chu et al., 2013). In addition, several OMM proteins
(BNIP3, NIX, FUNDCI1, AMBRAL) can also act as autophagy receptors. As BNIP3 and NIX are
required for removal of damaged mitochondria in NK cells (O'Sullivan et al., 2015), a similar pathway
could promote mitophagy in USP30-depleted CTLs. Of note, p62 was upregulated in the mass
spectrometry analysis of Usp30~- CTLs, and p62-dependent mitophagy can occur without PINK 1 and
PARKIN (Yamada et al., 2019; Yamada et al., 2018). Taken together, these results may indicate that
mitophagy is likely to proceed in a PINK 1/PARKIN-independent fashion, and suggest that Usp30-"
CTLs might provide a novel model to study this process.

6.3 Mitochondria participate to calcium flux in TCR-stimulated CTLs

Analysis of Usp30”~ CTLs showed that mitochondrial depletion results in enhanced calcium flux
after both physiological (TCR crosslinking) and super-physiological (ionomycin) stimulation. These
observations might at first seem at odds with the well-established role of mitochondria as calcium
stores (Rizzuto et al., 2012). The fact that calcium flux was increased when mitochondria were
depleted in Usp30~~- CTLs suggests that mitochondria are likely to uptake rather than release calcium
upon TCR stimulation. This suggests that mitochondria act as calcium sinks in CTLs, limiting the

propagation of calcium in the cytosol, as previously described in other cell types (Tinel et al., 1999).
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Previous studies have shown that intracellular calcium concentration can affect CTL signalling by
promoting calcineurin-mediated NFAT phosphorylation and translocation to the nucleus (Jain et al.,
1993; Kincaid et al., 1987). While none of the TCR signalling nodes examined was perturbed in
Usp307- CTLs, the increased calcium flux in TCR-stimulated CTLs might affect NFAT-dependent
transcription. Therefore, analysis of the Usp30” transcriptome might provide insights into how
mitochondria depletion modulates gene expression in CTLs. As only granzyme B and perforin mRNA
expression was quantitated in USP30-depleted CTLs, it cannot be ruled out the expression of other

genes might be affected at the transcriptional level.

6.4 Mitochondrial fitness impacts cytosolic translation

Usp307- CTLs exhibited a clear inhibition of protein synthesis as measured by incorporation of
the methionine analogue HPG. Translation efficiency is key in CD8" T cell activation, as it is required
for ribosome biogenesis and proliferation (Tan et al., 2017b). Analysis of activated CTLs shows poor
correlation between proteome and transcriptome, highlighting the importance of post-transcriptional
regulation and efficient protein synthesis in the generation and maintenance of mature T cells

(Hukelmann et al., 2016).

Interestingly, TCR stimulation had little to no effect on cytosolic protein synthesis in WT CTLs
(Figure 3.16B, C). This result indicates that protein synthesis rates are maximised in day 5 WT CTLs
even in the absence of TCR activation. It is unlikely that HPG could have been limiting at the 1h time
point, as WT CTLs incubated with HPG for 4.5h showed increased incorporation compared to the 1h
sample. However, HPG could have been limiting after 4.5h of incubation. Future studies involving
either longer treatments or the use of different HPG titrations for the 4.5h incubation should clarify

whether prolonged TCR stimulation can promote cytosolic protein synthesis in WT CTLs.

Cytosolic translation was not substantially affected by short-term (1h) TCR crosslinking in Usp30”
CTLs. By contrast, prolonged TCR stimulation (4.5h) induced the appearance of two populations:
one showing similar HPG incorporation efficiency to WT CTLs, and another one exhibiting lower
HPG signal. While the increase in protein synthesis observed upon prolonged TCR stimulation was
not sufficient to restore the abundance of cytolytic proteins, the sudden bimodal distribution of HPG
signal in TCR-triggered Usp30~~ CTLs was interesting. Immunofluorescence analysis of TOM20 and
PDH staining indicated that while TOM20 and PDH fluorescence intensity was diminished in all
Usp30~~ samples, complete loss of these mitochondrial markers was only observed in ~50% of

USP30-depleted CTLs (Figure 3.4 D-G). Intriguingly, this number is consistent with the percentage
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of poorly translating CTLs showing low HPG fluorescence intensity upon prolonged TCR stimulation
(Figure 3.16B, C). Therefore, it is possible to speculate that CTLs in which mitochondria were
decreased, albeit not completely depleted, could upregulate translation efficiency upon prolonged
stimulation, while CTLs suffering the most severe loss of mitochondria exhibited poor translation

regardless of stimulation.

It remains undetermined how some Usp30”- CTLs retain mitochondrial mass, while others lose it
completely. This could result from a process of cell division involving uneven mitochondrial
inheritance. Asymmetrical mitochondrial division has been previously observed in CTLs, and it is
thought to affect differentiation into memory and effector T cell subsets (Adams et al., 2016).
Notably, memory T cell differentiation also requires functional mitochondria and OXPHOS (Buck et
al., 2016; van der Windt et al., 2012). While the analysis of T cells residing in WT and Usp30™
spleens did not suggest any difference in the percentages of effector and memory T cells, it would be
useful to follow WT and Usp307- CD8" T cell differentiation after in vitro stimulation to evaluate

whether formation of a memory T cell pool is perturbed by lack of mitochondria.

6.5 A focus on mitochondrial translation as a requirement for CTL Kkilling

The use of pharmacological treatments to impair mitochondrial protein synthesis revealed that
this function is essential to sustain CTL killing. Two recent studies have reported similar findings in
both CD4" (Almeida et al., 2021) and CD8" T cells (O'Sullivan et al., 2021). In the first study,
mitochondrial translation was disrupted either via linezolid treatment or via inhibition of the
mitochondrial elongation factor GFM1. In both cases, cytokine production was impaired in CD4" T
cells, decreasing autoimmunity in a mouse model of multiple sclerosis (Almeida et al., 2021). The
second study investigated the response of CD8" effector T cells to febrile temperature. CTLs exposed
to 39°C exhibited enhanced mitochondrial mass and function and provided improved anti-tumour
protection in a mouse model of leukaemia. Inhibition of mitochondrial translation via CRISPR/Cas9
deletion of the mitochondrial ribosomal subunit MRPL39 prevented the increase in mitochondrial
abundance, which correlated with a reduction in the anti-tumour response in CTLs exposed to febrile

temperatures (O'Sullivan et al., 2021).

The present work provides further insights by identifying impaired cytosolic translation as the cause
for the loss of effector function. CTLs lacking USP30 or treated with either CAM or DOX showed
decreased cytosolic translation and precluded synthesis of cytokines and cytolytic proteins,

preventing killing. Thus, mitochondrial translation is required to maintain effector function by
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promoting de novo synthesis of proteins needed for sustained killing. Taken together with the recently
published works, these results suggest that antibiotics targeting mitochondrial ribosomes should be
used with caution (Moullan et al., 2015), as they are likely to trigger a signalling cascade impairing

T cell activation, effector functions and cytosolic protein synthesis.

While CAM and DOX treatment partially phenocopied loss of USP30 in activated CTLs, some
important differences were observed. For instance, calcium flux appeared enhanced upon
mitochondria depletion, while loss of mitochondrial protein synthesis resulted in a reduction in
intracellular calcium concentration. Specifically, CAM and DOX treatment prevented the sustained
rise in intracellular calcium triggered by TCR activation. Secondly, incubation with DOX and CAM
compromised both granzyme B and perforin secretion. As the TCR-triggered increase in calcium
concentration is required for CTL secretion (Lancki et al., 1987; Takayama and Sitkovsky, 1987), it
is likely that the shortened calcium flux in CAM- and DOX-treated CTLs might have impaired
degranulation. Therefore, diminished secretion together with reduced synthesis of cytolytic proteins

are both likely to have inhibited cytotoxicity in DOX- and CAM-treated CTLs.

Furthermore, mass spectrometry analysis of DOX-treated CTLs revealed a significant
downregulation of cytokines, cytokine receptors and proteins mediating cytokine signalling in WT
CTLs. While loss of USP30 reduced TNFa and IFNy synthesis upon TCR stimulation, CAM and
DOX showed an additive effect by further decreasing TNFa and IFNy expression in Usp30”~ CTLs.
This result was surprising, as the substantial decline in mitochondrial translation in USP30-depleted
CTLs suggested that CAM and DOX treatment would only have a minor effect on the remaining
functional mitochondria. These results could indicate that either CAM and DOX possess off-target
effects that preferentially target cytokine signalling, or that complete versus partial depletion of

mitochondrial translation have different effects on cytokine production.

Taken together, these results outline important differences between CAM and DOX treatment and
loss of USP30. These discrepancies might stem from comparison of selective inhibition of
mitochondrial protein synthesis (CAM, DOX) versus the complete loss of mitochondrial structures
(Usp307). Alternatively, these differences might be caused by the effects of acute (CAM, DOX)
versus chronic (Usp307") impairment of mitochondrial translation, as Usp30”~ CTLs may have
adapted to the loss of mitochondrial protein synthesis. While day 5 CTLs were only treated for 4h
with either chloramphenicol or doxycycline, other studies linking mitochondrial and cytosolic protein
synthesis relied on treatments lasting 48h in cell culture models and two weeks in mice (Molenaars
et al., 2020). Thus, it would be interesting to examine whether CTLs treated with DOX or CAM from
day 3 to day 5 post-stimulation would be more similar to Usp30~~ CTLs.
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6.6 The balance between mitochondrial homeostasis and cytosolic protein synthesis

The present work supported the existence of a link between mitochondrial and cytosolic protein
synthesis, as previously postulated (Boos et al., 2020; Topf et al., 2019). The evidence presented in
Chapter 5 argued against a predominant role for the ISR in the downregulation of cytolytic protein
synthesis in Usp30"- CTLs. However, the ISRIB experiments do not rule out an elF2a-independent
pathway similar to the ISR could be active in CTLs. Of note, mitochondrial stress can elicit ATF4-
dependent signalling independently from activation of the canonical elF2a kinases (Ben-Sahra et al.,

2016; Quiros et al., 2017).

However, further investigation aimed at ISR inhibition in CTLs should be carefully monitored. It is
worth noting that the ISR is not necessarily detrimental in T cells, as it regulates naive CD4" T cell
differentiation (Scheu et al., 2006) and it can potentiate TCR signalling in regulatory T cells.
Furthermore, ISR signalling in CTLs can enhance effector function via binding of ISR-related
transcription factors (including ATF4) to the promoter region of granzyme B and IL-2 (Chang et al.,
2012). This indicates that that ISR ablation in CTLs in unlikely to result in full effector function.

Alternative pathways other than the ISR are also likely to link mitochondrial homeostasis and
cytosolic translation. Aberrant mtROS production can oxidise cytosolic ribosomes and prevent
protein synthesis (Topf et al., 2018) and cause tRNA fragmentation in CTLs (Yue et al., 2021).
Analysis of WT and Usp307 CTLs showed low MitoSOX Red signal in both WT and USP30-
depleted CTLs. However, the loss of mitochondria in Usp30~- CTLs could also cause a reduction in
MitoSOX signal independently from mtROS release. Further investigation could focus on measuring
mtROS on day 3 and day 4 post-stimulation to investigate whether USP30 depletion causes aberrant

mtROS release alongside the increase in mitochondrial degradation.

Inhibition of mitochondrial protein synthesis (Houtkooper et al., 2013) or protein misfolding within
mitochondria (Zhao et al., 2002) can trigger the mtUPR. The mtUPR diminishes mitochondrial
protein synthesis and upregulates the expression of mitochondrial matrix chaperonins to restore
homeostasis (Munch and Harper, 2016). In addition, mtUPR activates the ISR, resulting in ATF4-
dependent signalling (Quiros et al., 2017). Alternatively, lack of mitochondrial import can result in
the accumulation of mitochondrial precursors in the cytosol, which promotes aggregate formation
(Nowicka et al., 2021; Wrobel et al., 2015). This is referred to as the UPRam, which is thought to
induce a retrograde signalling response characterised by upregulation of cytosolic chaperones,
reduction of cytosolic protein synthesis and enhanced proteasomal degradation, thus resulting in the

clearance of aggregates (Wrobel et al., 2015).
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Given the multiple ways in which loss of mitochondrial homeostasis can trigger a retrograde response
resulting in impaired cytosolic protein synthesis, it is possible that USP30 depletion and DOX or
CAM treatment activated a different mitochondrial stress response in CTLs. The appearance of
“empty” mitochondria in Usp30”~ CTLs is likely due to inhibited mitochondrial import as a
consequence of TOM20 degradation (Phu et al., 2020). Therefore, mitochondrial precursors in
USP30-depleted CTLs are likely to accumulate in the cytosol, thus triggering the UPRam. However,
upregulation of cytosolic chaperones was not observed in Usp30”- CTLs. Further analysis examining
proteasome activity could provide more insight into whether the UPRam is activated upon loss of
USP30. Moreover, the effect of blocking mitochondrial protein import could be tested
pharmacologically (Quiros et al., 2017), to check whether lack of import is sufficient to decrease

cytosolic protein synthesis and cytotoxicity.

By contrast, DOX treatment is thought to activate the mtUPR (Houtkooper et al., 2013). As the
mtUPR triggers the ISR, it would be interesting to examine whether ISRIB treatment could be
sufficient to restore cytosolic translation and cytotoxicity in DOX- and CAM-treated CTLs.
Therefore, while both Usp30 deletion and inhibition of mitochondrial translation appear to converge
on reduced synthesis of cytolytic proteins and loss of cytotoxicity, it remains possible that this occurs

via different pathways in mitochondria-depleted versus CAM- or DOX-treated CTLs.

6.7 The role of additional mitochondrial functions in Usp30”- CTLs

The reduction in cytosolic translation and cytotoxicity observed in Usp30”- CTLs could be
phenocopied by pharmacological interference with mitochondrial translation. However, given that
loss of USP30 results in mitochondrial degradation, the involvement of other mitochondrial functions
could not be thoroughly ruled out. For instance, while MCU depletion by CRISPR KO did not impair
CTL killing, it is possible that the nucleofection procedure might have acted as a confounding factor.
It would therefore be interesting to employ an alternative approach to study the effects of
mitochondrial calcium flux disruption on CTL killing, for example via ruthenium red treatment

(Moore, 1971) or using newly identified MCU inhibitors (De Mario et al., 2021).

Moreover, mass spectrometry analysis showed upregulation of exhaustion markers in Usp30~~ CTLs.
Mitochondrial dysfunction and altered epigenetic modifications correlate with exhaustion phenotypes
in CTLs (Desdin-Mico et al., 2020; Scharping et al., 2021; Yu et al., 2020), Epigenetics is influenced
by cellular metabolism, as metabolites can alter chromatin accessibility and regulation (Franco et al.,

2020). These metabolites include intermediates of the TCA cycle, which was disrupted upon loss of

186



USP30 due to the decrease in mitochondrial mass and function. Therefore, further investigation of
Usp30”~ CTLs could involve metabolic and epigenetic profiling to investigate how mitochondrial
depletion rewires metabolism and possibly epigenetic regulation of gene expression in effector CD8"

T cells.

Lastly, the field of membrane contact sites has demonstrated that mitochondria can form physical
associations with other organelles, including the ER, lysosomes, lipid droplets, peroxisomes (Valm
et al., 2017) and even the nucleus (Desai et al., 2020). Mitochondria-ER contact sites have been
suggested to promote memory T cell differentiation (Bantug et al., 2018). However, virtually nothing
is known about contact sites in effector T cells, and it is not known whether they regulate the killing
response. Given the remarkable decrease in mitochondrial abundance in Usp30~- CTLs, many of these
contact sites are likely to be reduced. This highlights Usp30”~ CTLs as a model to study organellar
functions known to be regulated by physical association with mitochondria, to ask how they are

affected by the absence of mitochondrial contact sites.

6.8 The crosstalk between mitochondria and peroxisomes

Impaired peroxisome biogenesis in murine models can result in disrupted mitochondrial
morphology (Baes and Van Veldhoven, 2012). Similarly, defective peroxisome biogenesis in humans
(Zellweger’s syndrome) has also been associated with defects in mitochondrial structure (Goldfischer
etal., 1973). The crosstalk between mitochondria and peroxisomes is extensive and it involves several
cellular pathways that can ultimately affect signalling and metabolism (Fransen et al., 2017). In
addition to playing a role in ROS and lipid metabolism, mitochondria and peroxisomes share
transcription factors regulating their biogenesis (PGC-1a) (Bagattin et al., 2010; Wu et al., 1999) and
proteins mediating fission (FIS1, DRP1, MFF) (Gandre-Babbe and van der Bliek, 2008; Koch et al.,
2003; Koch et al., 2005). Of note, close physical association between mitochondria and peroxisomes

has been suggested to facilitate exchange of metabolites between the two organelles (Fan et al., 2016).

In Chapter 4 I showed that Farl deletion in CTLs has effects extending beyond its known role as a
regulator of fatty acid metabolism in peroxisomes (Cheng and Russell, 2004). FARI1 depletion
resulted in a bimodal distribution of mitochondrial mass and in enhanced mitochondrial membrane
potential. While the significance of these results in the context of mitochondrial and CTL function is
currently unclear, this indicates that biogenesis defects are not the only peroxisomal dysfunction that

can affect mitochondria. In addition, mass spectrometry analysis of doxycycline-treated CTLs
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highlighted that incubation with DOX was sufficient to cause downregulation of peroxisomal proteins

(ABCD3, CAT) suggesting that mitochondrial defects can also affect peroxisomal function.

These results support the existence of a crosstalk between mitochondria and peroxisomes.
Furthermore, these data underscore the importance of evaluating peroxisomal function when
investigating mitochondrial disruption, and vice versa. For this reason, it would be interesting to
further study the effect of pharmacological inhibitors of mitochondrial protein synthesis (CAM,
DOX) and mitochondria fission (mDIVI-1, M1) on peroxisomal proteins.

6.9 CTL nucleofection: altering T cell proteome, metabolism and beyond?

During the course of this work I attempted to study individual mitochondrial and peroxisomal
functions by using the CRISPR/Cas9 technique to delete genes involved in peroxisome biogenesis
(Pex16), mitochondrial calcium flux (Mcu), mitochondrial translation (Gtpbp 10, Mrm2, Mrm3, Gfml,
Mrpsl6, Mrps22, Mrps35, Mrpll2, Mrpl28, Mrpl37, Mrpl48, Mrpl49) and the integrated stress
response (Atf4). The Cas9 protein, together with the scaffold tracrRNA and guide crRNA were
introduced in CTLs via nucleofection, as previously described in primary human T cells (Schumann

etal., 2015)

While most of these knockouts were unsuccessful, these experiments allowed the detection of a trend
towards enhanced cytotoxicity in nucleofected CTLs (Chapters 4 & 5). Furthermore, I observed
upregulation of granzyme B expression in both WT and Usp30~- CTLs upon nucleofection (Figure
4.18A, B; Figure 5.5B). This evidence showed that the process of nucleofection itself, rather than the
introduction of CRISPR reagents, is sufficient to rescue both the decrease in granzyme B and the loss
of killing observed upon USP30 deficiency (Figure 5.5C). Preliminary analysis further indicated an
increase in mitochondrial mass and membrane potential upon nucleofection (Figure 5.6). It would be
tempting to speculate that the simultaneous surge in mitochondrial abundance, granzyme B

expression and killing hints at a mitochondria-dependent rescue of cytotoxicity in Usp30~~ CTLs.

Overall, it appears that nucleofecting T cells alters key cellular functions that have a direct effect on
cytotoxic potential. This could occur via a signalling pathway that responds to nucleofection and
enhances cytosolic protein synthesis, which could affect mitochondrial mass, granzyme B expression
and CTL killing. Alternatively, this method might be toxic to T cells, and it might result in only CTLs
with high viability to survive the nucleofection procedure. In the case of Usp30™, these could be
CTLs retaining functional mitochondria. It is also possible that T cells at distinct stages of activation

might be differentially affected by nucleofection. If CTLs further along the process of differentiation
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were more resistant to cellular stress, they would be more likely to survive, thus resulting in a post-

nucleofection pool of CTLs with higher expression of cytolytic protein and enhanced killing capacity.

Taken together, these results indicate that nucleofection results in noteworthy changes in protein
expression that can influence T cell effector function. Given the significant part that mitochondria
play in metabolism (Chandel, 2015b), and the central role of metabolism in epigenetic control of gene
expression (Franco et al., 2020), nucleofection-dependent alteration of mitochondria could have
significant effects on CTL phenotypes. These results highlight the importance of comparing
nucleofected CTLs to non-nucleofected samples to ensure that the phenotype of interest is not

affected by the nucleofection method.

6.10 Outlook and concluding remarks

In recent years, mitochondria have emerged as an integral part of the complex signalling pathway
regulating immune cell function. The work presented in this thesis identifies the deubiquitinase
USP30 as a novel regulator of CTL cytotoxicity by counteracting degradation of mitochondria in
activated CTLs. Mitochondrial depletion reduces cytosolic translation, and thus prevents de novo
synthesis of cytolytic proteins needed to sustain the immune response. Furthermore, this work
uncovered a critical role for mitochondrial protein synthesis in sustaining cytosolic translation and

CTL killing.

These findings are of great relevance in the field of immunotherapy, as tuning T cell effector capacity
can alter the outcome of immune responses to tumours and viral infections. As Usp30 depletion and
and disruption of mitochondrial translation can both result in impaired cytosolic protein synthesis and
killing, it would be interesting to test whether enhancing USP30 expression or increasing
mitochondrial translation could promote CTL cytotoxicity. Conversely, in a context where an
excessive immune response is damaging to surrounding tissues, USP30 expression or mitochondrial

translation could be reduced to inhibit inflammation.

The importance of USP30 and mitochondrial protein synthesis is likely to extend beyond the field of
immunology. USP30 is currently considered a target for the development of pharmacological
treatments of Parkinson’s disease, due to its involvement in PINK1/PARKIN-dependent mitophagy
(Kluge et al., 2018; Rusilowicz-Jones et al., 2020; Yue et al., 2014). However, the clear link existing
between mitochondrial homeostasis and cytosolic protein synthesis calls for caution, as

pharmacological approaches aimed at downregulating USP30 expression might decrease cytosolic
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protein synthesis, thus negatively affecting neuronal homeostasis and potentially resulting in

immunodeficiency in treated patients.

Intriguingly, the disruption of mitochondrial compartments in neurons is known to negatively affect
protein synthesis (Rangaraju et al., 2019; Spillane et al., 2013). While this effect has been attributed
to ATP generation, several of these studies relied on mitochondrial depletion, which would also blunt
mitochondrial translation. Notably, mitochondria are not necessary to sustain basal protein synthesis
in neurons, but are needed to maximise translation to promote synaptic plasticity (Rangaraju et al.,
2019) and axon branching (Spillane et al., 2013). It is therefore possible to draw an interesting parallel
with the results of acute inhibition of mitochondrial translation in CTLs. While neither DOX not
CAM affected basal levels of granzyme B and perforin, de novo synthesis of cytolytic molecules was
drastically reduced upon TCR stimulation. This suggests that the requirement for efficient
mitochondrial translation to sustain high rates of cytosolic protein synthesis could extend beyond
cells of the immune system and to other metabolically active tissue, such as cells of the nervous

system.

In conclusion, the work outlined in this thesis contributes to the growing body of knowledge
underscoring the importance of mitochondria in T cells. By highlighting a novel role for USP30
expression and mitochondrial translation, these findings could allow for further advancement in
immunotherapy while informing basic aspects of cells biology involving the investigation of cytosolic

protein synthesis, mitophagy, and organelle crosstalk.
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