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ABSTRACT

The orchestration of adaptive immune response crucially relies on homeostatic and effector
functions of T lymphocytes. Among the array of pathways that concur to the regulation of
T cell maintenance, activation and differentiation, an emerging leading factor is autophagy.
Autophagy is a catabolic process that subserves the dual function of eliminating damaged
substrates while providing endogenous energy sources and building blocks to maintain
cellular functions. This mechanism depends on autophagy related (ATG) proteins and their
interaction with the trafficking machinery that orchestrates the membrane rearrangements
leading to autophagosome biogenesis. The intraflagellar transport (IFT) system, first
identified for its role in the control of vesicular trafficking along the axonemal microtubules
of the primary cilium, participates in the regulation of autophagy in both ciliated and non-
ciliated cells. In the first part of this thesis, we investigated the mechanism by which IFT20,
an integral component of the IFT system, regulates basal CD4* T cell autophagy. We show
that IFT20 interacts with the core autophagy protein ATG16L1 and mediates its association
with the golgin GMAP210 at the Golgi apparatus and the small GTPase Rab5 at early
endosomes. GMAP210 downregulation, while leading to a dispersed Golgi-associated
ATGI16L1 pattern, did not affect basal autophagy. Nonetheless, we found that IFT20 is
required for ATGI16L1 recruitment to early endosomes tagged for autophagosome
formation, thereby promoting autophagosome biogenesis in T cells.

Growing evidence indicates that IFT proteins participate in additional cilia-independent
processes in the non-ciliated T cells. IFT20 plays a key role in T cell activation by regulating
the assembly of the immune synapse (IS), the specialized membrane domain at the
interface between the T lymphocyte and the antigen presenting cell (APC), controlling the
intracellular traffic of T cell receptor (TCR) and Linker for Activation of T cells (LAT). More
recently, the involvement of IFT20 in another vesicular trafficking-related process, the
mannose 6-phosphate receptor (MPR)-dependent transport of acid hydrolases to
lysosomes, on which lysosome biogenesis and function depend, opened the way to the

second part of this work. CD8* cytotoxic T cells (CTLs) contain specialized secretory
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lysosomes, named lytic granules, their main tool for target cell death delivery. We show
that IFT20 controls MPR-mediated granzyme B targeting to lytic granules and CTL
cytotoxicity. IFT20 depletion leads to a lytic granule phenotype associated to lysosomal
biogenesis defect, a process orchestrated by the coordinated lysosomal expression and
regulation (CLEAR) gene network and controlled by the master transcription factor EB
(TFEB). Consistently, we found that IFT20 is involved in the TFEB-driven lytic granule
biogenesis program, taking part to the main pathway of lethal hit delivery of CTLs.
Effective CTL killing relies on the proper biogenesis of lytic granules and on their polarized
delivery to the IS. The dynamic reorganization of the microtubule cytoskeleton and
centrosome reorientation at the IS is required for T cell effector functions, facilitating the
polarized release of cytokines and cytolytic factors. In the third part of this thesis, the recent
discovery that the kinase Aurora-A (AurA) promotes T cell activation, as well as the
microtubule-driven delivery of CD3(-bearing vesicles to the IS, led us to investigate the
potential involvement of AurA substrate Polo-like kinase 1 (PLK1), a mitotic regulator
whose activation is pivotal for centrosome dynamics during cell cycle, in the assembly of
the IS of CTLs. Our results show that PLK1 inhibition impairs TCR signalling and
centrosome translocation towards the IS in CTLs, as well as lytic granule polarization
towards the T-APC contact point, leading to defective CTL cytotoxic capability. The altered
microtubule dynamics due to PLK1 inhibition may be the cause of defective IS assembly in
CTLs, proposing PLK1 as a novel determinant of CTL-mediated killing.

All in all, this thesis deals with different aspects of T cell homeostasis and effector
functions, shedding light on some missing points of the physiology of one of the main

players of adaptive immunity.



INTRODUCTION

The immune system

The immune system was first identified as a protective factor against infectious diseases
over a century ago (Kaufmann et al., 2005). Throughout decades, countless studies have
contributed to build the wide perspective that we currently have on this interactive network
of lymphoid organs, cells, humoral factors, and cytokines. It is now clear that, beyond the
host defence, the immune system is an integral part of other fundamental physiological
processes that include development, homeostasis, and repair (Sattler et al., 2017).
Immunity comprises two lines of defence, named innate and adaptive immunity, although
they belong to a common network. The definition of innate immunity includes physical,
chemical, and microbiological barriers, but the most effective players are the elements of
the immune system, namely neutrophils, monocytes, macrophages, complement,
cytokines, and acute phase proteins. This type of immunity provides immediate host
defence, and the highly conserved nature of the response is direct evidence of its relevance
in the survival of the organism (Smith et al., 2019). The adaptive immunity consists of
antigen-specific reactions driven by T and B lymphocytes. Whereas the innate response is
rapid but can cause damage to normal tissues as it lacks specificity, the adaptive response
is precise but takes several days or weeks to fully develop. Furthermore, the adaptive
immune response has memory, so that subsequent exposure to the same trigger leads to a
more rapid and vigorous response (Farber et al., 2016).

Although the mechanisms that elicit innate and adaptive immune responses are distinct,
they collude to improve the host defence against pathogens. Initiation of the innate immune
response begins when germline-encoded intracellular or extracellular pattern recognition
receptors (PRRs) of an immune cell recognize unique pathogen-associated molecular
patterns (PAMPs) on a pathogen, such as bacteria-derived lipopolysaccharide, viral RNA,
bacterial DNA, or a danger-associated molecular pattern (DAMP) found on proteins or
other biomolecules that are released from stressed or injured cells. Activated PRRs trigger

intracellular signalling cascades, which lead to transcriptional expression of pro-
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inflammatory cytokines, type I interferons and other antiviral proteins aimed to eliminate
pathogens and infected cells (Takeuchi et al., 2010). The capability of non-self-recognition
allows the innate immunity to recruit immune cells to the site of infection through cytokine
production and to activate the adaptive immune system by antigen presentation (Janeway
etal., 2001).

The defining feature of the adaptive immunity is the presence of antigen-specific receptors
on T and B cells that drive targeted effector responses. The adaptive immune response
initiates when the antigen is presented to and recognized by the antigen specific T or B cell,
leading to cell priming, activation, and differentiation. Antigen recognition triggers the
effector response, which can be either due to the activated T cells leaving the lymphoid
tissue and homing to the site of the disease, or to the release of antibodies into the blood
and tissue fluids by activated B cells, and thence to the infective focus (Janeway et al., 2001).
B and T lymphocytes arise from progenitor cells within the bone marrow, but T cells
migrate to the thymus at an early stage of their development. The production of antigen-
specific receptors in both cell types is the result of an unusual process of random
rearrangement and splicing of multiple DNA segments that code for the antigen-binding
areas of the receptor. Gene rearrangement occurs early in the development of the cells and
allows the production of a repertoire of over 108 T cell receptors (TCRs) and 10'° antibody
specificities (Wartsila et al., 2019), adequate to cover a wide range of pathogens before
antigen exposure.

The B and T cells that emerge from the bone marrow and the thymus, respectively, have
undergone gene rearrangement, but they are still naive, as they have not yet encountered
their specific antigen. These cells populate the secondary lymphoid tissues of the lymph
nodes, spleen, tonsils, and mucosa-associated lymphoid tissue. The lymphoid tissues
provide the microenvironment where naive B and T cells can be more easily exposed to and
recognize foreign particles, also through the activity of antigen-presenting cells (APCs)
(Parkin et al., 2001). Despite the similarities in the gene rearrangement processes, the T
and B cell receptors recognize antigens differently. Specifically, T lymphocyte activation

requires a processed small peptide antigen which is recognized by the T cell only if stably
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bound to a polymorphic major histocompatibility complex (MHC)-encoded glycoprotein
expressed on the surface of APCs, as the TCR does not recognize the antigenic epitope
alone but recognizes the complex of the processed peptide in association with the MHC
molecule (Jensen, 1999), while the B cell receptor directly recognizes conformational or
linear epitopes of the antigen. T and B cells are able to respond to antigens and induce an
immune response, however cell activation is tightly regulated to ensure that only pathogen-

or cancer-cell derived antigens elicit a reaction.

T lymphocytes

The activation of T lymphocytes is a key element of the adaptive immunity and requires the
coordinated activation of highly complex signalling networks (Fig.1). The T cell-mediated
response relies on the ability of the TCR to recognize a peptide-MHC complex on the
surface of an APC. TCRs on the surface of the T cell are associated with CD3 molecules
(Wucherpfennig et al., 2010). The TCR/CD3 complex is formed through noncovalent
association of the TCRaf} subunit with a CD3 signalling apparatus, consisting of the
dimeric subunits CD3ye, CD38¢ and CD3((. The eight subunits in the TCR/CD3 complex
are type I transmembrane proteins. Both TCRa and TCRf contain an extracellular portion
with variable and constant domains, a transmembrane segment, and a short cytoplasmic
tail (Dong et al., 2019). Similarly, each CD3y, CD36 or CD3¢ is composed of a single
extracellular immunoglobulin domain, a transmembrane segment and a long cytoplasmic
domain containing immunoreceptor-tyrosine-based activation motifs (ITAMs) (Wangetal.,
2012).

The TCR peptide-recognizing off heterodimer has no intrinsic catalytic activity. TCR
engagement by peptide-MHC induces phosphorylation of the ITAMs in the CD3( subunits
of TCR by the Lymphocyte specific kinase (LCK), anchored to the inner leaflet of the plasma
membrane (Palacios and Weiss, 2004). Phosphorylated CD3( serves as recruitment and
activation site to trigger the phosphorylation signalling events involving {-chain-associated
protein kinase 70 (Zap70), containing tandem SH2 domains that bind phosphorylated

ITAMs with high affinity (Chu et al., 1998), and in turn the Linker for Activation of T cells
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(LAT). LAT is an integral membrane protein with a cytoplasmic tail containing nine
tyrosine residues. When phosphorylated, these residues act as docking sites for SH2-
containing effector enzymes, resulting in the recruitment of the multiple downstream
adaptors and signalling molecules composing the LAT signalosome (Rossy et al., 2012).
One of the enzymes recruited is the phospholipase Cy (PLCy), a critical molecule for
lymphocyte activation (Cantrell, 2015). The subsequent tyrosine phosphorylation of PLCy
activates the enzyme, resulting in the hydrolysis of its substrate phosphatidylinositol 4,5-
bisphosphate (PIP,).

At the core of lymphocyte signal transduction is the control of intracellular calcium levels
and the regulated metabolism of inositol phosphatases and lipids, including the
polyunsaturated diacylglycerols (DAGs) (Oh-hora et al., 2008; Matthwes et al., 2009).
Inositol 1,4,5-trisphosphate (IP;) produced by PLCy binds to IP; receptors on the
endoplasmic reticulum (ER) membranes, initiating the release of calcium from stores into
the cytosol (Bootman, 2012). The increase of cytosolic calcium concentration triggers
further entry of calcium across the plasma membrane, whose high intracellular levels are
required for T cell activation (Hogan et al., 2010).

Ultimately, through the activation of several signalling pathways controlling phospholipids,
calcium, and kinase signalling, the assembled LAT signalosome regulates the activity of
transcription factors such as activator protein 1 (AP-1), the nuclear factor-xB (NF-xB) and
nuclear factor of activated T cells (NFAT). Signalling events downstream of the
transcription factors listed above result in cytoskeleton reorganization and induction of
gene expression leading to T cell activation, proliferation, cytokine production and effector
functions (Gaud et al., 2018).

The TCR signalling response to antigen directs the differentiation of T lymphocytes into
functionally diverse subsets. Moreover, the intensity and duration of TCR signalling have
been related to effector versus memory T cell differentiation (Gaud et al., 2018). Effector T
cells comprise two groups, T helper (Th) and T cytotoxic (CTL), bearing either CD4 or CD8
molecules on their surface, respectively. CD4+ Th cells are the orchestrating cells of the

immune response, recognizing foreign antigens and activating other parts of the cell-



mediated immune response, including B cells, to eradicate the pathogen. CD8* CTLs are
involved in antimicrobial and antitumor activity (Cassioli and Baldari, 2022). The activation
of macrophages via CD4* cell cytokines to kill facultative intracellular pathogens and the
role of CD8* T cells in Kkilling virally infected cells, provide the control of intracellular

infections that cannot be achieved by the innate immune system.
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Figure 1| TCR signalling cascade leading to T cell activation.

The recognition of the cognate peptide-MHC on the APC triggers TCR signal transduction, a
complex pathway that involves several kinases and activates multiple transcription factors
responsible for cell division (Myc) (Heinzel et al., 2017), cell expansion (IRF4) (Krishnamoorthy et
al., 2017) and cell survival (BCL-xL) (Marinari et al., 2004). The PLCy-dependent cascade contributes
to the establishment of the T cell activation program through the transcription factors AP-1, NF-

kB and NFAT (Bhattacharyya et al., 2020).

Foreign antigen can be loaded on the MHC following two pathways. The antigen can be
produced endogenously within any cell of the organism and complexed with MHC class I
through intracellular processing, as is the case for viral or tumour proteins. Endogenous

antigens complexed with MHC I activate CD8* T cells. Because all nucleated cells express
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MHC [, any cell that is infected with a virus or other intracellular pathogen, or is producing
abnormal tumour antigens, can present these antigens with MHC class I and be removed
by cytotoxic attack (Jongsma et al., 2019). Alternatively, specialized professional APCs,
namely dendritic cells, macrophages, and B cells, can endocytose exogenous antigen,
process it and re-express it on the APC surface in association with MHC class II, whose
expression is restricted only to these specialized cells (Pishesha et al., 2022). CD4+*
lymphocytes recognize the antigen when presented with MHC class II. Whereas CD8-
mediated responses are highly targeted to the cell that they recognize, CD4 activation leads
to the production of cytokines, which in turn activate a wide range of cells around them.
The fact that only a small number of APCs are able to drive CD4* lymphocyte activation
ensures that the reaction is tightly controlled to avoid not only exacerbation of the response
but also reactions against self-tissues (Reith et al., 2005).

The first step in T cell activation is antigen recognition by the TCR. Antigen is presented
by APCs after intracellular processing and expression in association with MHC, so that only
the foreign molecules that have either invaded a host cell or induced an inflammatory
response to activate endocytosis by APCs are recognized as dangerous and activate the
immune response. Innocuous antigens are largely ignored (Kotsias et al., 2019). The
response of most naive T cells to an MHC-bound peptide fails however to be triggered in
the absence of an additional co-signal. This mechanism guarantees an additional safety net,
as TCR binding to antigen-MHC complex alone is not sufficient to induce T cell activation.
Notably, CD4 and CD8 molecules are not merely markers that define different T cell
populations; they are co-receptors essential to facilitate TCR recognition of peptides
presented on MHC molecules, and they take part in the transmission of the intracellular
signals following TCR complex triggering (Gao et al., 2002). In the absence of CD4/CD8
co-signals, the T cell will become anergic (Valdor et al., 2010). Among the best established
co-stimulatory pairs are CD28 on the T cell surface and its binding partners CD80/CD86,
whose expression is restricted to specialized APCs, namely dendritic cells, macrophages,

and B cells. CD28 co-engagement is required for a broad spectrum of functions that include



cell metabolism, cytokine production and the activation of transcription factors such as NF-
KB, tightly related to cell survival (Schmitz et al., 2006).

Fully activated T cells go through clonal expansion and differentiation. Most of the resulting
progenies are armed effectors, which upregulate receptors and leave the lymphoid tissues
to be guided to the site of inflammation, attracted by organ-specific adhesion molecules
(Sallusto et al., 1999). There, T cells will recognize target cells expressing the specific
foreign antigen and initiate either a cytotoxic attack or stimulate an inflammatory response.
Some of the activated T cells remain in the lymph nodes as central memory cells, which can

react more quickly on subsequent exposure to their specific antigen (Gray et al., 2018).



CD4+ helper T lymphocytes

CD4* T cells play a central role in coordinating protective immune responses against
bacterial, viral, parasitic, and fungal infections by regulation of antibody-producing B cells,
CD8* T cells, and macrophages (Luckheeram et al., 2012). To ensure that there are
sufficient numbers of antigen-specific clones to combat pathogens at infection sites,
activated CD4* lymphocytes undergo extensive cell division and differentiation, giving rise
to a heterogeneous group of effector T cells. Effector CD4* T cells carry out multiple
functions, ranging from supporting the activation of the cells of both the innate and
adaptive immune systems, as well as nonimmune cells, to the suppression of the immune
response (Swain et al., 2012). The pattern of cytokines produced allows the functional
identification of CD4* T helper cells (Luckheeram et al., 2012). Two prevailing models
explain how CD4* T cells integrate different signals to determine lineage commitment
(Bhattacharyya et al., 2020). The classic “qualitative” model suggests that Th cell responses
are shaped dominantly by the cytokines produced by pathogen-exposed innate cells. The
second “quantitative” model proposes that the strength of the signal delivered through the
TCR regulates the differentiation program of CD4* T cells. Multiple T cell-associated
factors influence the overall strength of TCR signals, including the quality of the
interactions between MHC and TCR molecules, the amount of antigen, and the degree of
co-stimulation (Corse et al., 2011).

The best characterized subsets of CD4* T cells are Th1 and Th2. Th1 cells are involved with
the elimination of intracellular pathogens (Sallusto et al., 2016). They mainly secrete IFNy,
fundamental for the activation of mononuclear phagocytes (Brennan et al., 2006),
lymphotoxin o, whose depletion is associated with protection from autoimmune diseases
(Chiang et al., 2009), and interleukin 2 (IL2), that promotes proliferation of CD8* T cells
with acquisition of a cytolytic phenotype (Pipkin et al., 2010). Besides its role as T cell
growth factor, IL2 was also found to promote the development of CD8+ memory cells after
antigen priming, thus ensuring a robust secondary immune response (Mitchell et al., 2010).
Th2 cells mount immune response to extracellular parasites and play major role in

induction and persistence of allergic diseases (Henry et al., 2017). Their key effector
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cytokines include IL4, IL5, IL9 and IL13, all associated with immune reaction against
parasites. Additionally, combinations of these cytokines drive B cell proliferation and
immunoglobulin class-switching to immunoglobulin E, promoting the inappropriate
immune responses that characterize allergic reactions (Fallon et al., 2002). IL10, a cytokine
with broad immunoregulatory function, was originally described as a unique product of
Th2 cells but was later shown to be expressed in Th1 as well, with paracrine effect. Hence,
IL10 affects T cell activity indirectly by inhibiting the function of antigen-presenting cells,
with a major tissue-protective role for the cytokine in preventing Th1/Thl7-mediated
immunopathology and associated tissue damage (Jankovic et al., 2010).

More recent findings have made clear that the specializations that can be acquired by CD4+*
T cells are not limited to Th1l and Th2. Thymocyte precursors can also differentiate into T
cells specialized to assist B cell differentiation, known as follicular Th cells (Tth), and into
the pro-inflammatory Th17, along with regulatory T cells (Treg).

Tth cells play a significant role in mediating humoral immunity through interaction with B
lymphocytes. In the pre-germinal centre, they interact with antigen-primed B lymphocytes,
with subsequent differentiation of the B cell into immunoglobulin-producing plasma cells,
while in the germinal area they are involved in the development of long-lived B memory
cells (Johnston et al., 2009).

Th17 cells are responsible for mounting immune responses against extracellular bacteria
and fungi, and they are involved in the pathogenesis of autoimmune diseases (Ouyang et
al., 2008). Among the cytokines produced are IL17, an inducer of the release of pro-
inflammatory cytokines and also chemokines, that ensures the chemotaxis of inflammatory
cells to the site on infection (Shahrara et al., 2009; Halwani et al., 2014), IL21, that triggers
the production of anti-microbial and pro-inflammatory molecules, and IL22, known to exert
a dual function contributing to the pathogenesis of autoimmune diseases and exhibiting
tissue protective properties (Yeste et al., 2014).

Tregs play important role in the maintenance of homeostasis and immunologic self-
tolerance. After clearance of pathogens, they negatively regulate T cell proliferation and

cytokine production, thereby preventing autoimmunity (Sugimoto et al., 2006). Moreover,
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self-reactive T cells that escape negative selection in the thymus have the potential to start
dangerous reactions against the tissues. The establishment of peripheral tolerance is
pursued also through the immune suppression activity of Tregs. Their main effector
cytokines include IL10 and TGF-f, showing an important role in attenuating allergic
inflammation (Jutel et al., 2003). Furthermore, Tregs have gained a lot of attention for their
role and function in cancer (Togashi et al., 2019; Sakaguchi et al., 2020; Dees et al., 2021).
Tregs participate to cancer progression by suppressing both CD4* and CD8* effector
responses and exerting various other immunosuppressive effects on the tumor
microenvironment (Li et al., 2020).

Aside from the helper and suppressive roles of CD4* T cells in the induction and
maintenance of CD8* responses, accumulating evidence points toa more direct role for
CD4+* T cells in antitumor immunity, sparking increased interest in the potential
exploitation of CD4* T cells in cancer immunotherapy (Kravtsov et al., 2022). Accordingly,
CD4+* T cells represent a unique branch of the adaptive immune system that is crucial in
achieving a regulated effective immune response to pathogens and their proper functioning
is vital for survival. Through their distinct phenotypes and respective cytokine profile, Th
cells modulate the functions of the innate immune cells as well as the members of the
adaptive immune system. To execute their wide spectrum of functions, they are required
to integrate a large number of signals from the environment and transduce them based on
their commitment (Bhattacharyya et al., 2020). Beyond the classical TCR-induced
pathways, we are now aware that the maintenance of T cell homeostasis and their effector
functions involve also other signalling networks, one of which is autophagy, a conserved
catabolic process that eliminates damaged macromolecules and organelles to provide

endogenous energy sources to maintain cell homeostasis (Jacquin et al., 2018).
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CD8* cytotoxic T lymphocytes

CTLs are the main cellular effectors of the adaptive immune system, specialised in
identifying and killing infected or malignant cells. They originate from naive CD8* T cells
(Gray et al., 2014), although cytotoxic effectors can develop from CD4+ cells as well
(Takeuchi et al., 2017). CTLs are endowed with an arsenal of cytotoxic mediators stored in
organelles, called lytic granules, which are released upon target cell recognition, causing
homeostatic perturbation and widespread intracellular proteolysis (Stinchcombe et al.,
2001). The release of the lytic granule contents must be tightly controlled to prevent non-
specific killing of innocent bystander cells and occurs only at the site of contact with the
target cell (Podack et al., 1991).

Naive CD8* T cells circulate between the lymphatic system and the blood. In peripheral
lymphoid organs, TCR binding to specific antigen triggers naive CD8+* T cell activation,
which is orchestrates at a highly specialized cell-to-cell contact, known as the
immunological synapse (IS). Naive CD8* T cells require 5-8 days after antigen recognition
to differentiate into mature CTLs, proliferate and migrate to the affected tissue. During this
time window, cytotoxic moieties are produced and stored within maturating cytotoxic
granules. Furthermore, CTLs show an increased size and develop a more sophisticated
cytoskeletal apparatus, required for the delivery of lytic granules to the IS. Once in the
tissue, CTLs recognize and associate with the target cell bearing the specific cognate antigen
and, within minutes, a sequence of coordinated events culminates in the killing of the target
cell (de la Roche et al., 2016).

The initial events of IS assembly involve the formation of TCR micro-clusters that move
centripetally, coalescing at the centre of the IS, which will form the central supramolecular
activation cluster (cSMAC) (Potter et al., 2001). The microtubule cytoskeleton plays a
prominent part in the delivery of the lethal hit. The assembly of the cSMAC relies on both
actin and microtubule cytoskeleton dynamics, as the F-actin flow regulates TCR micro-
cluster movement from the periphery toward the centre of the IS (Beemiller et al., 2012),
whereas the dynein-mediated transport of TCR complexes along microtubules occurs at the

IS centre (Hashimoto-Tane et al., 2011). The actin cytoskeleton contributes also to form
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the peripheral SMAC (pSMAC), a ring of adhesion molecules surrounding the cSMAC and

whose function is the stabilization of the cell-cell interaction (O’Keefe et al., 2004) (Fig.2).
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Figure 2| The sequential events of lytic synapse formation.

Following peptide-MHC I recognition on APC, CTLs form a transient conjugate with the target cell.
The CTL rapidly translocate its MTOC and the entire microtubule network towards the contact
region, where the organization of the lytic synapse is proceeding. The IS is organized into a cSMAC,
enriched with signalling molecules and TCRs, surrounded by a peripheral integrin-rich ring, the
pSMAC, spatially delimiting the IS. Within minutes of stimulation, LGs move along MTs in a
minus-end direction to cluster around the MTOC, to be delivered to the plasma membrane
following MTOC translocation beneath the T-APC contact site. LGs release their content into the
synaptic cleft, ensuring rapid target cell death by apoptosis. Only a part of the stored LGs is secreted,
enabling CTLs to carry out repeated cycles of target cell recognition, killing machinery polarization

and target cytolysis (de Saint Basile et al., 2010).

The sustained signalling necessary for T cell activation is based not only on the stability of
the T-APC interaction, but also on the vesicle-mediated delivery of TCRs and associated
signalling molecules, including LCK and LAT, at the contact area (Soares et al., 2013),
highlighting the relevance of vesicular trafficking in CTL-mediated killing (Fig.3a).

Downstream TCR activation, the microtubule organizing centre (MTOC) polarizes towards
the IS by means of the PLCy signalosome-mediated mobilization of intracellular Ca?*

(Mullbacher et al., 1999) and DAG accumulation at the IS (Quann et al., 2009), allowing for

14



the recruitment of PKC isoforms. PKCB facilitates centrosome translocation by mediating
the sub-IS localization of dynein which pulls the centrosome forwards, and nonmuscle
myosin II (NMII) to the opposite site of the cell where it pushes the centrosome towards
the IS (Liu et al., 2013). Furthermore, PKC( has also been implicated in the polarity of the
killing machinery, taking part in centrosome positioning beneath the IS following TCR
engagement (Bertrand et al., 2013).

Lytic granules are anchored to microtubules and, following their clustering around the
centrosome, they migrate towards the IS together with the MTOC (Stinchcombe et al.,
2006, Beal et al., 2009) (Fig.3b). Rapid lytic granule secretion on target cell binding can
occur even in the absence of centrosome positioning beneath the IS, which is instead
essential for the establishment of a stable conjugate (Bertrand et al., 2013), highlighting an
alternative mechanism for the release of lytic granules into the synaptic cleft.

As soon as they have converged beneath the cSMAC region, lytic granules detach from the
microtubules and use actin-based movement to fill the final short distance to the docking
site (Langford, 1995), where cytotoxic granule fusion with the plasma membrane in an
actin-depleted region allows for the secretion of the soluble components of the granules

(Blott et al., 2002).
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Figure 3| Schematic representation of the architecture of early and mature IS.

(a) Early IS formation. The initial T-APC contact is mediated by actin-rich filopodia of the CTL,
with the TCR-pMHC interaction taking place at the tips of these interdigitations. At this early stage,
the MTOC is not polarized at the IS and secretory vesicles are dispersed throughout the cytosol.
(b) Mature IS formation. At a more advanced stage of the IS maturation, the actin is depleted from
the centre of the contact site, in correspondence of the cSMAC, and the actin-rich lamellipodia focus
on the periphery of the IS. LGs migrate along the microtubules to the centrosome, that in turn
translocates to the T-APC contact point beneath the IS membrane. Arrows point centrioles. NL,
nucleus; SG, secretory/cytotoxic granules. In the figure are shown electron microscopy images
(left), confocal microscopy images (centre) and a schematic representation (right) (de la Roche et

al., 2016).
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A ciliary view of the immune synapse

The translocation of the centrosome towards the plasma membrane does not only occur
during the assembly of the IS. Intriguingly, the IS shares some of its defining features with
another signalling structure, the primary cilium (Finetti et al., 2012). At a first glance, the
IS and the primary cilium appear to have completely different architectures (Fig.4).
Moreover, hematopoietic cells do not have a primary cilium, a fact that may rule out the
presence of proteins that localize and function within this organelle. Surprisingly, closer
analysis revealed that the IS and the primary cilium share several specialization traits and
functions (Cassioli and Baldari, 2019).

The first considerations about the structural similarities between the IS and the primary
cilium were done when centrosome docking at the IS was initially observed (Stinchcombe
et al.,, 2006). Additionally, both the Golgi apparatus and the endocytic recycling
compartment were shown to polarize towards the plasma membrane, at the site of
centrosome positioning, both at the IS and at the base of the cilium (Fig.4). These structural
similarities are not limited to microtubule-mediated dynamics, but extend to the actin flow,
as cortical actin is reduced in the region where the centrosome attaches to the plasma
membrane during the maturation of both the IS and the primary cilium (Ritter et al., 2015),
and a peripheral actin ring is delineated thereafter.

The similarities between the IS and the primary cilium can be exploited to identify new
components of the pathways orchestrating the assembly of the IS. In this regard, a pioneer
work was done investigating the involvement of the intraflagellar transport (IFT) proteins
in non-ciliated T cell signalling. The IFT system is essential for the assembly and
maintenance of cilia, in which they dynamically control vesicular trafficking (Rosenbaum
et al., 2002), but IFT proteins were also found to be expressed in CD4+ T cells (Finetti et
al., 2009; Finetti et al., 2014), a cell type that is normally devoid of the primary cilium. In T
cells, the ciliary protein IFT20 has been found not only to accumulate at the IS (Finetti et
al., 2009) but also to be involved in TCR signalling at multiple levels. Accordingly,
cooperating with IFT88, IFT57 and IFT52, IFT20 promotes TCR recycling to the IS

downstream of centrosome polarization (Finetti et al., 2009). IFT20 is involved in early
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vesicle trafficking by forming a complex with Rab5 and the TCR on early endosomes. In
IFT20-depleted T cells, recycling TCRs remain sequestered in Rab5+ endosomes, which fail
to polarize at the IS despite a normal translocation of the centrosome, indicating that IFT20
regulates the trafficking of TCRs from early to recycling endosomes (Finetti et al., 2014).
Moreover, the loss of IFT20 has been linked to decreased TCR signalling and defective
recruitment to the IS of the membrane-associated adaptor protein LAT (Vivar et al., 2016),
a crucial component of the scaffold that allows the assembly of the multimolecular
complexes mediating the transduction of TCR-induced signals.

The shared features in the architectural framework of the primary cilium and the IS (de la
Roche et al., 2016), together with the variety of ciliary proteins taking part in IS assembly
in T cells (Cassioli and Baldari, 2019), support the concept that the primary cilium and the
IS are homologous structures. Notably, the majority of these ciliary proteins belong to the
vesicular trafficking complex, suggesting the existence of a conserved traffic network
involved in either cilium-dependent or cilium-independent functions in both ciliated and
non-ciliated cells. Consistently, the IFT system was shown to be implicated in the
autophagy of both ciliated cells (Pampliega et al., 2013) and non-ciliated T cells (Finetti et
al., 2019; Finetti et al., 2021), where this involvement is particularly interesting as it
demonstrates that the IFT system controls T cell vesicular dynamics even beyond the IS
assembly. IFT20 was recently found to be involved in the delivery of acid hydrolases to the
lysosomes by controlling the retrograde transport of the MPR in both ciliated and non-
ciliated cells (Finetti et al., 2019), ultimately taking part in the final steps of autophagy. In
this regard, the investigation of ciliogenesis-related proteins may lead to rapid progress in
the understanding of immune disorders characterized by defective T cell-mediated
responses. Hence, the homology between the primary cilium and the IS provides an
extraordinary platform of investigation, with relevant implications in both physiological

and pathological contexts.
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Figure 4| Structural similarities among the IS and the primary cilium.

The IS (a) shows striking morphological similarities to the site of primary cilium (C) formation in
ciliated cells (b). In both structures, the centrosome is positioned beneath the plasma membrane,
where it remains anchored by distal appendages proteins (black arrows) and where marked vesicle
trafficking takes place. Other structure polarized beneath the plasma membrane, in both cases, are
the Golgi apparatus (G), the endocytic recycling compartment and the secretory granules (SG). The
plasma membrane at the IS and at the primary cilium has a characteristic composition compared to
the rest of the cell, with a central actin-depleted region (red) and two peripheral actin-rich regions
in both structures. Electron microscopy images are reported on the left, schematic representations

on right (de la Roche et al., 2016).
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AIM OF THE THESIS

T lymphocytes play a central role in antigen-specific immune responses, serving as primary
effectors for cell-mediated immunity. Emerging evidence highlighted that T cell
maintenance, activation and differentiation depend on autophagy, an evolutionary
conserved catabolic pathway that balances sources of energy through the elimination of
damaged substrates (Dikic et al., 2018). Autophagy regulation relies on the interplay
between ATG proteins and the trafficking machinery that orchestrates the membrane
rearrangements necessary for the biogenesis of the autophagosome. The IFT system, first
identified for dynamically control vesicular trafficking along the primary cilium, participates
in the regulation of autophagy in both ciliated and non-ciliated cells (Pampliega et al.,
2013). The first part of the work focuses on the mechanism by which IFT20, an integral
component of the IFT system, regulates basal CD4* T cell autophagy, and in particular on
the role of IFT20 in ATG16L1 localization to promote autophagosome biogenesis (Finetti
etal., 2021).

The extra-ciliary functions in which IFT proteins are involved in T cells are not limited to
autophagy. IFT20 takes part to T cell activation by regulating the assembly of the IS, a
specialized membrane structure at the T cell-APC interface (Finetti et al., 2009; Finetti et
al., 2011), controlling the intracellular traffic of TCR and LAT (Finetti et al., 2014; Vivar et
al., 2016). Furthermore, IFT20 is involved in lysosome biogenesis and function by
controlling the MPR-dependent transport of acid hydrolases to lysosomes (Finetti et al.,
2019). CD8* T cells contain specialized secretory lysosomes, named lytic granules, whose
release at the IS is pivotal to induce target cell death (Stinchcombe et al., 2001). In the
second part of the thesis, we investigated not only the potential outcomes of IFT20 deletion
on the biogenesis and functions of CTL lytic granules but also the potential involvement of
the CLEAR gene network, the main driver of lysosome biogenesis (Settembre et al., 2013).
CTL lethal hit delivery depends not only on the biogenesis of lytic granules but also on their
polarized clustering to the IS. The dynamic microtubule cytoskeleton rearrangements allow

for centrosome translocation to the IS, facilitating the localized release of lytic granule
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contents (Stinchcombe et al., 2006). The recent discovery that the kinase AurA helps T cell
activation, as well as the microtubule-driven delivery of CD3(-bearing vesicles to the IS
(Blas-Rus et al., 2016), opened the way to the third part of the work. We investigated the
potential involvement of AurA substrate PLK1, a mitotic regulator controlling centrosome
dynamics during cell cycle progression (Joukov et al., 2018), in the assembly of lytic synapse

and the microtubule-dependent transport of the lytic granules to the IS.
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MATERIALS AND METHODS

Cells, stimulations, and antibodies

CD8* T cells were isolated from the peripheral blood of anonymous healthy donors
obtained from the Siena University Hospital blood bank. The study was approved by the
local ethics committee (Siena University Hospital). Informed consent was obtained from
blood donors by the physician in charge of the Siena University Hospital blood bank.
Samples were anonymized before distribution. Primary CD8* T cells were isolated by
negative selection through the RosetteSep™ Human CD8+* T Cell Enrichment Cocktail
(StemCell technologies) and centrifugation over a buoyant density medium (Lympholyte
Cell Separation Medium, Euroclone).

Immediately after isolation, CD8* T cells were resuspended in the culture medium RPMI
1640 with 25 mM Hepes (Sigma-Aldrich), supplemented with 10% BCS (Bovine Calf
Serum, Hyclone) inactivated at 56 °C for 30 minutes, 20 U/mL Penicillin (Sigma-Adrich)
and 1X non-essential amino acids (MEM non-essential amino acids solution 100X, Gibco).
Cell cultures were maintained at 37 °C and 5% CO..

Freshly isolated CD8* T cells were differentiated in vitro to CTLs by incubation of 48 h with
anti-CD3/CD28 coated magnetic beads (Dynabeads Human T-activator CD3/CD28, Gibco)
for cell expansion and activation and 50 U/mL of IL2 (human Interleukin-2, Miltenyi
Biotech) for cell proliferation and differentiation. Mature CTLs were employed in the assays
from days 5 to 8 of differentiation (Onnis et al., 2022).

The treatment with the inhibitor BI2536 [100 nM in dimethyl sulfoxide (DMSO)] was
carried out in serum-free medium for 3 h at 37°C and 5% CO, and maintained throughout
the whole assays. Control samples were incubated with the same amount of DMSO.
Other cells used were Raji B cells and Jurkat T cells (ATCC, Manassas, VA), maintained in
RPMI 1640 supplemented with 7.5% BCS and 20 U/ml Penicillin. TCR triggering in the
absence of target cells was performed on 5 pg/ml anti-CD3 antibody (clone OKT3)-coated

slides.
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All primary commercial antibodies employed in the assays are listed in the Table T1,
together with information about the dilutions used for immunoblotting and
immunofluorescence. Polyclonal anti-IFT20 antibodies (Pazour at al., 2002) were kindly
provided by G. Pazour. Secondary horseradish peroxidase (HRP)-labelled antibodies were
purchased from Jackson ImmunoResearch Laboratories and Alexa Fluor 488-, 555- and

647-labeled secondary antibodies from ThermoFisher Scientific.

Generation T cell transfectants and gene editing using CRISP-R/Cas9 technology
Control, IFT20KD and GMAPKD Jurkat T cell lines were generated as previously described
(Finetti et al., 2009; Galgano et al., 2017). Jurkat T cells were stably transfected with the
pEGFP-N1 plasmid construct encoding full-length IFT20, or a deletion mutant of IFT20
lacking amino acid residues 73-132, which include the coiled-coil domain (ACC IFT20), or
the respective empty vector. Stably transfected cells were selected in G418-containing
medium at the final concentration of 1 mg/ml (Gibco/Thermo Fisher Scientific, MA, United
States). Transient transfections on Jurkat T cells mutant were carried out by electroporation
using pCMV-EGFP-C3-Rab5a (kindly provided by M. Zerial), pEGFP 2xFYVE (kindly
provided by A. De Matteis), pEGFP-N1 IFT20-GFP, or pEGFP-N1 ACC IFT20-GFP [1 ng/1
x 10° cells in 800 ul of OPTI-MEM (Gibco/Thermo Fisher Scientific, MA, United States) ]
and analysed 24 h post-transfection.

Specific single guide RNAs (gRNAs) directing the nuclease Cas9 to IFT20 gene (Table T2)
were designed using the web-based tool CRISPOR (Haeussler et al., 2016). A gRNA
transcription template was prepared by PCR amplification using the PX458 construct as a
template and the primers listed in the table T2, and then transcribed in vitro using the
HiScribe T7 high yield RNA synthesis kit (NEB). gRNAs were purified by RNA clean &
concentration (Zymo Research). Freshly isolated CD8* T cells were transfected using the
Human T cell nucleofector kit and the program V-024 of the Nucleofector II system
(Amaxa) for naive cells, with ribonucleoprotein complexes formed mixing 10 ug of Alt-R
Cas9 Nuclease V3 protein (IDT) and 6 pg of gRNA. Cells were then activated with anti-
CD3/CD28 magnetic beads in AIM V culture medium (ThermoFisher Scientific)
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supplemented with 10% BCS and 500 U/ml of human IL-2 for 48 h. Once removed the
beads, cells were expanded in AIM V 10% BCS with 50 U/ml human IL-2. Transfected
blasts were tested for gene editing by immunoblotting 5 days after isolation and employed
for the assays from days 5 to 7.

CTLs were transiently transfected with the pEGFP-N1 plasmid encoding the TFEB-GFP
fusion protein (kindly provided by D. Medina) or the empty vector. Briefly, CTLs at 5 days
of differentiation were resuspended in 800 pL of cold transfection medium (Opti-MEM,
Gibco) and 1 pg/1 x 10°¢ cells of pEGFP-N1 or pEGFP-N1-TFEB plasmids. The cell
suspension was incubated at 4 °C for 5 minutes and the transfection was carried out by
electroporation. Transfected cells were gently resuspended in the culture medium with 500

U/ml IL2 and analysed 48 hours post transfection.

Cloning and purification of recombinant proteins

GFP- and GST-tagged mutants of IFT20 were generated by cloning the sequences that
encode the IFT20 N-terminus lacking the coiled-coil domain (ACC-IFT20, aa 1-73), the
IFT20 C-terminus including the coiled-coil domain (CC-IFT20, aa 74-132), and the full-
length protein (IFT20, aa 1-132) in-frame with the tags into the pEGFP-N1 and pGEX-6P-
2 vectors (Addgene). The sequences were amplified by PCR using the primers listed in
Table T2. The 5’- ends of the primers were modified to add compatible restriction sites
(XhoI and Kpnl for pEGFP-N1, EcoRI and Xhol for pGEX-6P-2) and extra base pairs that
ensure efficient DNA cleavage by restriction enzymes.

The recombinant GST fusion proteins were affinity purified on GSH-Sepharose (GE
Healthcare, Italy) from bacterial cultures incubated with 0.25 mM isopropyl-p-D-
thiogalactopyranoside (Sigma-Aldrich) overnight at room temperature and lysed in B-PER
Complete Bacterial Protein Extraction Reagent (Thermo Fisher Scientific, MA, United

States) according to the manufacturers’ instructions.
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Immunoprecipitation, in vitro binding, cell lysis and immunoblotting
Immunoprecipitation experiments were performed as previously described (Finetti et al.,
2020). Briefly, 5 x 107 cells/sample were lysed in 0.5% (v/v) Triton X-100 in 20 mM Tris-
HCl (pH 8), 150 mM NacCl in the presence of Protease inhibitor Cocktail Set III
(Calbiochem®, Merck) and the phosphatase inhibitor sodium orthovanadate (Sigma-
Aldrich). Post-nuclear supernatants (2 mg/sample) were immunoprecipitated for 2 h at
4°C with gentle agitation using 2 pg of rabbit anti-IFT20 antibody (Proteintech, United
Kingdom), anti-ATG16L1 antibody (Cell Signaling) or mouse anti-BECLIN1 mAb (Santa
Cruz), and protein A-Sepharose (PAS, 3 mg/sample, GE Healthcare, Italy), after a
preclearing step on PAS (1 h, 3 mg/sample). Subsequently, all samples were washed 4X
with 1 ml 0.5% Triton X-100 lysis buffer, resuspended in 15 pl Laemmli buffer (Life
Technologies/Thermo Fisher Scientific, MA, United States), boiled for 5 min and then
subjected to SDS-PAGE.

In vitro-binding assays were carried out using recombinant GST, IFT20-GST, ACC IFT20-
GST, or CC IFT20-GST on GSH- Sepharose precleared post-nuclear supernatants from 5 X
107 cells/sample lysed in 0.5% Triton X-100 in the presence of protease and phosphatase
inhibitors as described. The binding reaction was performed for 2 h at 4°C with gentle
agitation. Samples were washed 4X with 1 ml 0.5% Triton X-100 lysis buffer in the presence
of protease and phosphatase inhibitors, resuspended in 15 pl Laemmli buffer, boiled for 5
min and subjected to SDS-PAGE.

Cells (2x10%/sample) were lysed in 1%(v/v) Triton-X100 in the presence of protease and
phosphatase inhibitors for 5 min on ice. Protein extracts from post-nuclear supernatants
were quantified with a Quantum protein assay kit (Euroclone) and denaturated in 4x Bolt
LDS sample buffer (Invitrogen) supplemented with 10x Bolt sample reducing buffer
(Invitrogen) for 5 min at 100°C. Proteins (10 pg) were subjected to SDS-Page on Bolt Bis-
Tris mini protein gels (Invitrogen) and transferred to nitrocellulose (GE HealthCare) under
wet conditions. Blocking was performed in 5% non-fat dry milk in PBS containing 0.2%
Tween 20 (Sigma-Adrich). Membranes were incubated in primary antibodies for 1-3 h at

room temperature (20-25°C) or overnight at 4°C, followed by incubation in 20 ng/ml HRP-
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conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) for 45 min at
room temperature. Secondary antibodies were detected using SuperSignal west pico plus
chemiluminescent substrate (Life Technologies). For quantification, immunoblot
membranes were scanned using a laser densitometer (DuoScan T2500, Agfa) or Alliance
Q9-Atom chemiluminescence imaging system (Uvitec), and densitometric levels were

measured using Image]J software (National Institutes of Health, USA).

Immunofluorescence and image analysis

Samples were seeded on to poly-L-lysine (Merck)-coated slides (ThermoFisher Scientific)
and fixed in either methanol at -20°C for 10 min or with 4% paraformaldehyde/PBS at room
temperature for 15 min. Alternatively, for LC3B labelling, Jurkat cells were incubated 10
min in 50 mM NH,CI after fixation in 4% paraformaldehyde for 10 min at room
temperature, and then permeabilized in methanol for 10 min at -20°C. After washing with
PBS, samples were stained with primary antibodies at 4°C overnight and then incubated at
room temperature for 45 min with Alexa fluor 488- and 555-labeled secondary antibodies
and mounted with 90% glycerol/PBS.

Confocal microscopy was carried out on a Zeiss LSM700 microscope (Carl Zeiss, Jena,
Germany) using a 63x/1.40 oil immersion objective or a spinning disk confocal and super-
resolution microscope (CSU-W1-SoRA Nikon), with 60x/1.49 oil objective. Detectors were
set to detect the optimal signal below the saturation limits.

Co-localization analyses were performed on a medial optical section of single cells using
ImageJ and the JACoP plugin to calculate Mander’s coefficient M1, which indicates the
proportion of the green signal coincident with a signal in the red channel over its total
intensity, and M2, which is defined conversely for red (Manders et al., 1992). Mander’s
coefficients range from O to 1, corresponding to non-overlapping images and 100% co-
localization between both images, respectively. The ATG16L1 dispersion was quantified by
measuring fluorescence intensity in concentric regions using ImageJ. Circular regions were
centred on the point of ATG16L1 maximal intensity and designed proportionally to the cell

size (inner circle, middle ring, and outer ring diameters, corresponding to 1/9, 1/4.5, and
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1/2.25 of cell diameter, respectively) (Progida et al., 2010). Alternatively, ATG16L1
dispersion was measured using Image] by calculating the distance of ATG16L1* dots
(identified using the same fluorescence threshold in control and IFT20KD cells in each
experiment) from the centrosome (identified by pericentrin staining). The number and area
of LC3*, Lampl*, and granzyme B* dots were determined by immunofluorescence. The

area of vesicles was measured by manual gating using the Image] software.

Autophagic flux

To analyse the autophagic flux, 1 x 10° cells/sample were incubated in RPMI 1640 added
with 7.5% BCS for 30 min at 37°C in the presence or absence of 40 pM chloroquine.
Subsequently, cells were harvested and lysed in 1% Triton X-100 in 20 mM Tris—-HCI pH
8.0, 150 mM NaCl in the presence of protease and phosphatase inhibitors and processed
for immunoblotting with anti-LC3B antibodies. Autophagy flux was calculated as the
difference in LC3-II levels, normalized to actin, between chloroquine-treated and untreated
cells. Alternatively, following the incubation with RPMI 1640 supplemented with 7.5% BCS
for 30 min at 37°C in the presence or absence of 40 pM chloroquine, cells were allowed to
adhere to poly-L-lysine-coated wells. Subsequently, the samples were fixed, permeabilized
and stained as described above for immunofluorescence analysis of the number of LC3+

dots.

Membrane Fractionation

Cytosolic and membrane fractions were purified as previously described (Finetti et al.,
2014). Jurkat cells (3 x 107/sample) were resuspended in 1 ml homogenization medium
(0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCI pH 7.4) in the presence of protease and
phosphatase inhibitors. The samples were homogenized by 10 pestle strokes through
Dounce homogenization (tight Dounce homogenizer, Wheaton, United States) and 10
passages through a 26-gauge syringe needle. The homogenate was centrifuged at 3,000 x
g for 5 min at 4°C to remove nuclei and the supernatant was centrifuged at 65,000 x g for

1 h at 4°C. The supernatant (cytosolic fraction) was collected, while the pellet (membrane
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fraction) was lysed in homogenization buffer containing protease and phosphatase
inhibitors with 0.5% Triton and centrifuged at 16,100 X g for 20 min at 4°C to eliminate
insoluble material. The same quantities of membrane protein-enriched supernatant and

cytosolic fraction were analysed by SDS-PAGE.

Real-time calcein release-based killing assay

Raji B cells were loaded with 500 nM calcein-AM (Life Technology) in AIM V medium
(ThermoFisher Scientific) with 10 mM Hepes at room temperature for 15 min, washed and
plated into 96-well black plates with clear bottoms (BD Falcon). IFT20KO or BI2536-
treated CTLs and respective controls were added at different ratios to 0.5x10* settled target
cells per well to measure killing at 37°C 5% CO,. Triton X-100 (1%) was added to target
cells alone to calculate maximal target cell lysis as control. Target cell lysis was measured
every 10 min for 4 h. The decreased calcein fluorescence in target cells due to cell lysis was
measured at 485 nm excitation wavelength and 528 nm emission wavelength in the bottom
reading mode by using a Synergy HTX multi-mode plate reader (BioTek). The fluorescence
for the experimental condition was adjusted by the parameter y according to the live target
cell control fluorescence. The y value was measured at time zero: y = Fje(0)/Fey,(0). The
cytotoxicity was calculated according to the loss of calcein fluorescence in target cells by
using the equation: % target cell lysis = (Fie - ¥ X Fexp)/ (Five-Fiyse) X 100, where Fi;. is the
fluorescence of target cells alone, F, are CTL-APC samples and Fy. is the maximal target
cell lysis. All the experiments were performed in duplicates and averaged to obtain one
dataset. The maximal CTL-induced target cell killing was assigned to the higher CTL-APC

ratio, on which was based the relative values for the other samples (Chang et al., 2017).

Conjugate formation and image analysis

Conjugates between CD8* T cells and superantigen-pulsed Raji B cells were carried out as
previously described (Cassioli et al., 2021). Raji B cells (used as APCs) were loaded with 10
ug/ml of a mix of Staphylococcal Enterotoxins A (SEA), B (SEB) and E (SEE) (Toxin
Technologies) for 2 h at 37°C and labelled with 10 uM Cell Tracker Blue for the last 20 min
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of the incubation with superantigens (SAgs). Antigen-free conjugates of CTLs with
unpulsed Raji B cells were used as negative controls.

SAg-loaded or unloaded Raji B cells were mixed with CTLs (1:1) to allow conjugate
formation at 37°C for the indicated time points. Samples were then seeded on poly-L-lysine
coated slides and processed as indicated in the immunofluorescence section.

Once acquired the images of CTLs with either SAg-loaded or unloaded Raji B cells, relative
distances of the centrosome from the contact site CTL:APC was measured using Image].
Polarization of CD3(, granzyme B* lytic granules and PLK1, and the translocation of the
centrosome to the IS were based on the presence of the staining solely on the CTL:APC
contact site and was expressed as the percentage of conjugates with synaptic staining versus
the total number of conjugates analysed. The recruitment index was calculated as the ratio
of CD3( or pTyr fluorescence intensity at the synaptic area, which is manually defined at
the CTL:APC contact site versus the entire cell, using ImageJ. Values above 1 indicate an
accumulation of the marker at the IS area compared to the total cell, whereas values below

1 indicate a depletion of the marker at the IS area compared to the entire cell.

RNA purification and RT-qPCR

RNA samples were obtained from CTLs using the RNeasy plus mini kit (Qiagen), reverse
transcribed to single-strand cDNA using the iScript cDNA synthesis kit (Bio-Rad) and
analysed by Real-time quantitative PCR (RT-qPCR) on 96-well optical PCR plates
(Sarstedt) using the SsoFast EvaGreen supermix (Bio-Rad) and specific primers for human
transcripts listed in Table T2. The quantity of the transcripts of interest was determined

using the AACt method and normalized to the house-keeping gene 18S.

Statistics and reproducibility

Each experiment is the result of at least 3 independent repetitions. The exact number of
cells analysed is specified in figure legends. Statistical analyses were performed using Prism
software (GraphPad Software). Pairwise or multiple comparisons of values with normal

distribution were carried out using Student’s t-test (unpaired), one-sample t-test
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(theoretical mean=1) and one-way ANOVA, whereas values without Gaussian distribution
were analysed with Mann-Whitney test or Kruskal-Wallis test. Statistical significance was

defined as: ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; n.s., not significant.
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Table T1. List of the primary antibodies used in this work

Antibody (anti-) | Host species Company Dilution WB | Dilution IF
Actin mouse Millipore 1:10,000 -
ATG5 mouse Santa Cruz 1:500 -

ATGI16L1 mouse Santa Cruz 1:500 1:50
ATGI16L1 rabbit Cell signaling 1:500 -
BECLIN1 mouse Santa Cruz 1:500 -
BECLIN1 rabbit Cell signaling 1:500 1:50
CD3¢ mouse Santa Cruz - 1:200
(TIZ)(})E;I;;;% 4) rabbit Cell signaling 1:1,000 -
ERK2 Rabbit Santa Cruz 1:500 -
Giantin rabbit abcam - 1:200
GFP rabbit Life Technologies 1:1,000 1:200
GMAP210 mouse BD Biosciences 1:250 -
GM130 rabbit BD Biosciences 1:500 1:100
Granzyme B rabbit Cell signaling 1:2,000 -
Granzyme B-488 mouse Bio Legend - 1:20
IFT20 rabbit G.J. Pazour* 1:500 -
Lampl mouse Millipore - 1:400
Lamp1-647 - Bio Legend - 1:150
pLat (Y191) rabbit Cell signaling 1:1,000 -
LC3B rabbit Cell signaling 1:500 1:200
M6PR rabbit abcam - 1:400
PCM1 mouse Santa Cruz - 1:300
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Pericentrin rabbit abcam - 1:200
PLK1 rabbit Biotechne 1:500 1:300
pPLK1 (T210) rabbit abcam 1:1,000 1:300
Rab5 mouse BD 1:2,000 1:50
Rab5 rabbit Cell signaling - 1:200
Thrombospondinl mouse Invitrogen 1:500 -
tgn38 mouse Santa Cruz - 1:300
pTyrosine (Y1000) rabbit Cell signaling - 1:100
B-tubulin rabbit Cell signaling - 1:100
y-tubulin mouse Sigma-Aldrich - 1:200

*Program in Molecular Medicine, University of Massachusetts Medical School, Worchester,

MA 01605, USA.
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Table T2. List of the primers used in this work

mutant Xhol rev

Oligo name Sequence Description
Common reverse AGCACCGACTCGGTGCCACT gRNA
primer production
ttaatacgactcactatageGGGCGAGGAGC
GEP gRNA & 85 gRNA
TGTTCACCGttttagagctagaaatagc production
ttaatacgactcactatageGAGTGTAGCC
IFT20 gRNA & 88 gRNA
CTGCTTCACCCGttttagagctagaaatagc production
gRNA
sequence
cloned into
IFT2 A AGTGTA TGCTTCA
0 gRN GAGTGTAGCCCTGCTTCACCCG pSpCas9(BB)
-2A-GFP
plasmid
PCR primer
ACC mutant- CCGCTCGAGATGGCCAAGGACATCCTG for IFT20
GFP Xhol fw
mutants
PCR primer
ACC mutant- CGGGGTACCCCGATGGCCTTCATCTTT for IFT20
GFP Kpnl rev
mutants
PCR primer
CC mutant-GFP CCGCTCGAGATGGGTGCTCGGAACT for IFT20
Xhol fw
mutants
PCR primer
cc Euﬁ?;GFP CGGGGTACCCCTTTCTGAAAAATAAATTGGTC | for IFT20
p mutants
PCR primer
T-A
ERIEACE CCGGAATTCCGATGGCCAAGGACAT for IFT20
mutant EcoRI fw
mutants
PCR primer
GST-ACC CCGCTCGAGTCAGATGGCCTTCATCTTTTC for IFT20

mutants
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GST-CC mutant

PCR primer

CCGGAATTCCGATGGGTGCTCGGAA for IFT20
EcoRI fw
mutants
GST-CC mutant | CCGCTCGAGTCATTTCTGAAAAATAAATTGGTC | © o Primer
for IFT20
Xhol rev AA
mutants
PCR primer
GST-IFT20 CCGGAATTCCGATGGCCAAGGACAT for IFT20
EcoRI fw
mutants
Granzyme A fw AACCAGGAACCATGTGCCAA gqPCR primer
Granzyme A rev GGCTTCCAGAATCTCCATTGC gPCR primer
Granzyme B fw TCAAAGAACAGGAGCCGAC qPCR primer
Granzyme B rev TTGGCCTTTCTCTCCAGCTG gqPCR primer
Perforin-1 fw CCTGCAGTCACAGCTACACA gPCR primer
Perforin-1 rev GGGGCTCCAGTTAAGGCAA qPCR primer
Thronﬁ‘}fondm GCAAGTCACCCAGTCCTACT qPCR primer
Thron};’i: ondin AATGAACCCGTCTTTGGCC gPCR primer
Serglycin fw GACGAGAATCCAGGACTTGAA gPCR primer
Serglycin rev GGGCAGATTCCTGTCAAGAG qPCR primer
Granulysin fw GGATAAGCCCACCCAGAGAAG gPCR primer
Granulysin rev ACAGATCTGCTGGGCAGTTT gPCR primer
TFEB fw GGAGTACCTGTCCGAGACCT gPCR primer
TFEB rev GGGCTATTGGGAGCACTGTT qPCR primer
Lamp-1 fw CCGCGGTGTCTTCTTCGTG qPCR primer
Lamp-1 rev TAGAGACAGCGGGCGTTACC qPCR primer
Cathepsin D fw CCAGTGCTTCACAGTCGTCT gPCR primer
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Cathepsin D rev CACGTAGGTGCTGGACTTGT qPCR primer
18S fw CGCCGCTAGAGGTGAAATT qPCR primer
18S rev CTTGGCAAATGCTTTCGC qPCR primer
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RESULTS

1. Basal T cell autophagy is regulated by the ciliary protein IFT20

1.1 Autophagy

Autophagy is a highly conserved catabolic process that contributes to the maintenance of
the energetic balance of the cell through the turnover of proteins and organelles (Fig.5)
(Dikic et al., 2018). The autophagic flux refers to a complete catabolic process that ensures
the degradation and recycling of intracellular components in the cytosol (Merkley et al.,
2018). The induction of autophagy promotes the recruitment of proteins and lipids from
different intracellular membrane sources to initiate the formation of the autophagosomes
(Hamasaki et al., 2013), double-membrane vesicles that sequester cytoplasmic material and
deliver it through vesicular fusion to lysosomes for degradation (Yang et al., 2010).
Together with the ubiquitin-proteasome pathway, autophagy constitutes one of the main
cellular processes for protein degradation. Three main forms of autophagy have been
described in mammalian cells, representing the different mechanisms through which the
substrate reaches the lysosome for degradation. Microautophagy is characterized by
invaginations of lysosomal membranes that capture cargo to be degraded by lysosomal
hydrolases (Kocaturk et al., 2019). Chaperone-mediated autophagy is achieved by the heat
shock-cognate protein of 70 kDa (Hsc70)-mediated recognition of KFERQ-motif-bearing
soluble proteins, that allows the interaction of the target with the lysosome-associated
protein type 2A (LAMP-2A) on the lysosomal membrane. Substrate binding to LAMP-2A
induces the assembly of multimers of this protein, to form a complex that translocates the
cargo across the lysosomal membrane to be degraded (Yang et al., 2019). The presence of
the consensus sequence is mandatory for cargo selection, making this process highly
specific. Macroautophagy is the third form of autophagy, characterized by the sequestration
of cytoplasmic material by a double-membrane structure, called phagophore, which
expands around the cargo to form a sealed, double-membrane vesicle named

autophagosome, that will eventually fuse with the lysosome for degradation. Among the
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three types, macroautophagy is the most prevalent pathway used by cells to remove the
damaged cellular organelles and other related debris, so that the term “autophagy”
generally indicates macroautophagy (Dowling et al., 2018).

The mechanism of autophagy can be conceptualized in a series of steps, each one being
crucial for the autophagy process to take place successfully. Disruption of either early or
later stages would equally affect the entire mechanism (Ravananan et al., 2017).

Signals that activate the autophagic process typically originate from stress-inducing
conditions, including starvation, hypoxia, oxidative stress, protein aggregation, ER stress
and others. These signalling pathways can activate the Unc-51-like kinase 1 (ULK1)
complex, consisting of ULKI1, autophagy-related protein 13 (ATG13), RB1l-inducible
coiled-coil protein 1 (FIP200) and ATG101 (Parzych et al., 2014). This complex triggers the
nucleation of the phagophore by phosphorylating components of the class III PI3K
(PI3KC3) complex I, composed of class III PI3K, vacuolar protein sorting 34 (VPS34),
BECLIN1, ATG14, activating molecule in BECLIN 1-regulated autophagy protein 1
(AMBRA1) and general vesicular transport factor (p115), which in turn activates local
phosphatidylinositol-3-phosphate (PI3P) production at the omegasome, a sub-domain of
the ER (Yu et al., 2018). PI3P recruits in turn a member of the PI3P effector proteins WD
repeat domain phosphoinositide-interacting protein family (WIPI2) and the zinc-finger
FYVE domain-containing protein 1 (DFCP1) to the omegasome via interaction with their
PI3P-binding domains. WIPI2 was recently shown to recruit the ATG12-ATG5/ATG16L1
complex through direct interaction with ATG16L1. This complex enhances the ATG3-
mediated conjugation of ATGS8 family proteins (ATG8s), including microtubule-associated
protein light chain 3 (LC3) proteins and y-aminobutyric acid receptor-associated proteins
(GABARAPs) to membrane-resident phosphatidylethanolamine (PE), thus forming the
membrane-bound, lipidated forms; in this conjugation reaction, LC3-I is converted into
LC3-1I, the characteristic signature for autophagic membranes (Dikic et al., 2018). ATGS8
attracts the components of the autophagic machinery that contain an LC3-interacting
region (LIR) and are also required for the elongation and closure steps of the phagophore

membrane. Moreover, in selective autophagy, LC3 is critically involved in the sequestration
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of specifically labelled cargo into autophagosomes via LIR-containing cargo receptors.
Several cellular membranes, including the plasma membrane, mitochondria, recycling
endosomes and Golgi complex, contribute to the elongation of the autophagosomal
membrane by donating membrane material. Sealing of the autophagosomal membrane
gives rise to a double-layered vesicle, the autophagosome, which matures and finally fuses
with the lysosome. Acidic hydrolases in the lysosome degrade the autophagic cargo, with

nutrients recycled back to the cytoplasm (Ravanan et al., 2017).
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Figure 5| The autophagy process at a glance.

Several condition of stress can trigger the initiation of autophagy. The activated ULK1 complex
phosphorylates components of the PI3KC3 complex I and hence mediates the nucleation of the
phagophore. The PI3KC3 complex activity allows for the generation of PI3P at a characteristic ER
structure called omegasome, where other autophagy-related proteins are recruited, including the
ATG5-ATG12/ATG16L1 complex. At this level, LC3-I is converted to LC3-II. Several cellular
compartments, including the plasma membrane, mitochondria, recycling endosomes and Golgi
apparatus, donate membrane material for the elongation of the auophagosome. Following the
sealing of this structure, the mature autophagosome fuses with the lysosome, where acid hydrolases

degrade the cargo and nutrients can be recycled (Dikic et al., 2018).
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The initiation of autophagy is primarily regulated through two energy sensors, the
adenosine monophosphate-activated kinase (AMPK) and the mammalian target of
rapamycin (mTOR) (Noda et al., 2015). Under steady state conditions, the major source of
amino acids for cellular functions comes from the proteasome-mediated degradation of
proteins. During starvation, however, autophagy plays a prominent role in amino acid
generation (Wang et al., 2017). The increase in the autophagic activity occurs through the
inhibition of the serine/threonine protein kinase mTOR, a part of the mTOR complex 1
(mTORC1), acting as negative regulator of autophagy. Under nutrient-rich conditions,
mTORCI is activated and suppresses the ULK1 complex, preventing autophagy activation
(Kim et al., 2015). In contrast, the serine/threonine kinase AMPK is a positive regulator of
autophagy. AMPK is rapidly activated by the high AMP/ATP ratio caused by nutrient
deprivation and contributes to the energy balance of the cell by inhibiting activities that use
energy and increasing those that produce energy, including autophagy (Li et al., 2019). In
response to low energy levels, AMPK activates ULK1 by phosphorylation. Activated ULK1
itself phosphorylates BECLIN1, thereby activating the VPS34-BECLIN1 complex and
promoting the induction of autophagy (Wang et al., 2017).

During the autophagy process, selected cytoplasmic materials are enclosed by an isolation
membrane that elongates to form an autophagosome and eventually fuses with the
lysosome to degrade the enclosed contents. This dynamic transport process is orchestrated
by the Rab proteins, small GTPases belonging to the Ras-like GTPase superfamily (Ao et
al., 2014). Rabs are considered markers of membrane identity and function as central
organizers of vesicle-mediated transport between organelles.

Rab proteins switch among an active GTP-bound state (Rab-GTP) and an inactive GDP-
bound form (Rab-GDP). This exchange can be performed in the presence of two regulatory
proteins, the guanine nucleotide exchange factor (GEF), that catalyzes the dissociation of
the GDP to allow the binding of GTP, and GTPase activating protein (GAP), that facilitates
the hydrolysis of GTP to GDP (Langemeyer et al., 2018). Rab proteins use this guanine
nucleotide-dependent switch mechanism to regulate each of the four major steps in

membrane traffic: vesicle budding, delivery, tethering and fusion. These different processes
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are carried out by several effector molecules that bind to specific Rabs in their GTP-bound
state (Amaya et al., 2015). Rab cascades seem to confer directionality to membrane traffic
and couple each stage of transport with the next one along the pathway.

Early endosomes are characterized by the presence of the small GTPase Rab5 on the
membrane, responsible for the recruitment of the PI3KC3-BECLIN1 complex (Skjeldal et
al., 2021). Another protein involved is Rab11, responsible for the membrane trafficking
from the recycling endosome to the autophagosome (Lamb et al., 2016). An additional
pivotal protein in the initial phases of the autophagosome formation is Rab33, a Golgi-
resident small GTPase first identified to be involved in retrograde traffic from Golgi to ER
(Zheng et al., 1998). The isoform Rab33B directly interacts with ATG16L1 in a GTP-
dependent manner, modulating the recruitment of the ATG5-ATG12/ATG16L1 at Golgi
(Itoh et al., 2008). The progression from early to late endosomes is tightly regulated through
the transition from Rab5* to Rab7* endosomes, that allows the traffic of the
autophagosome towards the lysosomal compartment (Wen et al., 2017), and therefore

drives the final stages of the autophagy.

The role of autophagy in T lymphocytes

Autophagy is a quality control and pro-survival mechanism employed by T cells (Li et al.,
2012) and affecting multiple aspects of the immune response.

A comprehensive characterization of the mechanisms that drive autophagy, as well as the
development of pioneer tools to study them, have led to the identification of new tissue-
specific functions for the autophagic process. Several studies demonstrated the involvement
of autophagy in many key functions of the immune system, including pathogen clearance
(Kishi-Itakura et al., 2020), antigen presentation (Oral et al., 2017), regulation of cell
activation and differentiation (Bronietzki et al., 2015).

Mounting evidence has implicated autophagy and cellular metabolism in different stages of
T lymphocyte differentiation, activation, and maturation. Autophagy participates in
thymocyte development by sustaining the survival of double negative thymocytes and their

transition to the double positive stage (Nedjic et al., 2008) and regulates both positive and
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negative selection via the MHC II loading pathway in thymic epithelial cells (Kasai et al.,
2009).

In the periphery, T cell activation and proliferation are fine-tuned by selective autophagy
(Reggiori et al., 2012; Zaffagnini et al., 2016). Early after the first observation of
autophagosomes in T lymphocytes (Pua et al., 2007), autophagy has not only been shown
to be activated upon TCR engagement, but also to modulate T cell proliferation in
responses to this signal (Watanabe et al., 2014). Selective autophagy has been recently
shown to regulate specific signalling pathways activated by TCR engagement, supporting
the idea that autophagy regulates peripheral T cell activation following TCR stimulation
(Botbol et al., 2016). Consistently, autophagy-deficient T cells fail to differentiate because
of reduced numbers of active mitochondria upon T cell activation (Yang et al., 2021). The
regulation of autophagy also participates in helper T cell survival (Kovacs et al., 2012; Kabat
etal., 2016; Wei et al., 2016) and cytotoxic T cell effector functions (Puleston et al., 2014).

The autophagy pathway is dynamically regulated during the T cell response and seems to
have a role in the metabolic homeostasis of effector T cells also during their transition to
memory cells. Autophagy was found to decrease in activated proliferating effector T cells
followed by upregulation when the cells stop dividing. Deletion of the gene encoding
autophagy-related molecules has indeed little to no effect on the proliferation and function
of effector cells, which instead showed survival defects that resulted in compromised

formation of memory T cells (Xu et al., 2014).

The intraflagellar transport (IFT) system in autophagy

The autophagy process is fine-tuned by a plethora of regulators and effectors. Among these
is the intraflagellar transport (IFT) system (Prevo et al., 2017), a multimolecular protein
complex first described as promoter of primary cilium assembly and maintenance
(Rosenbaum et al., 2002). The primary cilium is a non-motile signalling organelle that
grows in a specific region of the plasma membrane, where it detects changes in the
surrounding environment and in response activates signalling pathways. It consists of an

axoneme of nine doublets of microtubules that extend at the point of attachment to the cell
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from the basal body, composed of microtubule triplets (Satir et al., 2010). Cargo trafficking
along the ciliary axoneme allows for the translation of environmental signals into a cellular
response (Griffiths et al., 2010) and is maintained by motor proteins and the two large
multiprotein complexes IFT-A and -B (Tashner et al., 2012). More in detail, while the
anterograde IFT-B complex mediates the transport of molecules from the base to the tip of
the cilium by interacting with kinesin, the retrograde IFT-A complex interacts with dynein
to regulate the retrograde transport to the basal body (Tashner et al., 2016). One of the
subunits belonging to these complexes, namely IFT20, is associated also to other cellular
compartments, such as the Golgi, from where it facilitates the mobilization of specific cargo
to the basal body and cilium for ciliogenesis and ciliary signalling (Follit et al., 2009).

The activity of the IFT system is not restricted to the primary cilium. An interesting link
that has emerged in the last few years implicates autophagy in the growth of the primary
cilium. In response to serum deprivation, many types of cultured cells undergo not only
primary cilia growth (Takahashi et al., 2018) but also autophagy (Onodera et al., 2005) as
adaptive mechanisms. Moreover, ATG proteins localize at the ciliary base and ATG16L1 is
actively recruited to this location, suggesting that the sensing of nutrient deficiency and the
activation of signalling from the primary cilium could initiate a cilia-mediated autophagic
program. The temporal coincidence of the formation of both primary cilium and
autophagosome at the early stages of nutrient deprivation may thus serve as a reciprocal
regulatory brake for each of these processes (Pampliega et al., 2013).

In this context, two integral components of the IFT system, IFT20 and IFT88, are actively
involved in the transport of some components of the autophagic machinery towards the
cilium during cell starvation, with IFT20 recruiting ATG16L1 at the Golgi apparatus and
shuttling it to the ciliary base, wherefrom it enters the cilium assisted by IFT88 (Pampliega
et al., 2013). Therefore, both autophagy and ciliogenesis regulation involve IFT proteins,
suggesting a reciprocal interplay between these two processes.

Despite their first characterization as promoters of assembly and function of the primary
cilium, IFT proteins have been found to be not only expressed but also implicated in major

processes in the non-ciliated lymphoid cells. Interestingly, IFT20 is involved in the
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polarized recycling of the TCR and the adaptor protein LAT to the IS through the control
of vesicular traffic in T lymphocytes (Finetti et al., 2009; Vivar et al., 2016).

Consistent with the autophagic function described for the IFT system in ciliated cells, T
cells depleted of IFT20 show impaired autophagic activity either under starvation or under
nutrient-rich conditions (Finetti et al., 2019), indicating that IFT20 mediates autophagy-
related functions also in non-ciliated T cells. Interestingly, the autophagy impairment
observed in IFT20 depleted T cells was ascribed to a defect in the sorting of acid hydrolases
to the lysosomal compartment (Finetti et al., 2019), the Ilatest destination of

autophagosome cargo to be degraded.

1.2 IFT20 promotes autophagosome biogenesis in T cells

Given the role of autophagy in T cell homeostasis, our group also investigated the
mechanism by which IFT20 regulates basal T cell autophagy (Finetti et al., 2021 - further
details in the attached paper). IFT20 interacts with the core-autophagy protein ATG16L1
localized in intracellular vesicles in ciliated cells (Pampliega et al., 2013). Notably, ATG16L1
plays a leading role in the process of autophagosome formation through its capability to
interact with proteins and lipids (Fig.6). Co-immunoprecipitation, immunofluorescence
and in vitro GSH-Sepharose pulldown assays indicated that IFT20 interacts and colocalizes
with ATG16L1 also in the non-ciliated T cells (Fig.7 A, B, D).

IFT20 is a small protein containing a single coiled-coil (CC) domain at its C-terminus,
required for the heterodimerization with other CC domain-containing components of the
IFT complex (Baker et al., 2003; Omori et al., 2008). We dissected the interaction of IFT20
with ATG16L1 by generating GST fusion proteins with only the IFT20 CC domain or the
full-length IFT20 lacking the CC domain (Fig.7C). The GST-pull down assays showed that
ATGI16L1 binds to IFT20 regardless of the presence of the CC-domain (Fig.7D). These
results indicate that IFT20 interacts with ATG16L1 mostly through a molecular
determinant localized within its unstructured region, potentially using its CC domain to

couple ATG16L1 to sites of autophagosome formation.
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Figure 6| ATG16L1 is required for the biogenesis of the autophagosome.

The interaction of ATG16L1 with the autophagy machinery components FIP200, WIPI2b and PI3P
allows for its localization to the phagophore. Furthermore, ATG16L1 is thought to contribute to
the elongation of the phagophore because of its localization to the endocytic compartment.
Consistently, these events appear to be necessary for ATG8-mediated lipidation of LC3-I to LC3-II
that in turn allows for the maturation of the autophagosome, which will fuse with the lysosome for

cargo degradation (Gammoh et al., 2020).

Next, we investigated the role of the IFT20 CC domain T cell autophagy in a Jurkat
transfectant expressing either IFT20-GFP or a GFP-fused deletion mutant lacking the CC
domain (ACC IFT20-GFP) (Fig.7E). In these transfectants, we exploited the standard
immunoblot-based autophagy assay to measure the generation of LC3-II, the cleaved and
lipidated form of LC3 localized at autophagosomal membranes (Klionsky et al., 2016).
Under basal conditions, the autophagic flux was decreased in cells expressing ACC IFT20-
GFP compared to cells expressing full length IFT20-GFP (Fig.7F). Furthermore,
immunofluorescence analysis of LC3 in IFT20 mutants showed an accumulation of LC3*
dots in ACC IFT20-GFP Jurkat T cells compared to control (Fig.7G), confirming the
impaired autophagic flux in this mutant and suggesting that the autophagy-promoting

activity of IFT20 requires the CC domain.
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Figure 7| IFT20 interacts with ATG16L1 and promotes basal T cell autophagy through its CC
domain.

(A) Western blot (WB) analysis with anti-ATG16L1 antibodies of IFT20-specific
immunoprecipitates (IP) from post-nuclear supernatants of Jurkat T cells. Each experiment
included a pre-clearing negative control (neg ctr), in which proteins are bound to Protein-A-
Sepharose before the addition of the primary antibody. The migration of molecular mass markers
is indicated. Immunoblot images are representative of at least 3 independent experiments. (B)
Confocal microscopy analysis of IFT20 and ATG16L1 in Jurkat T cells. Representative medial optical
sections and overlay of immunofluorescence (IF) and differential interference contrast (DIC)
images (IF + DIC) are shown. The graph shows the quantification of the weighted colocalization

of IFT20 and ATG16L1 in Jurkat cells, calculated using Mander’s coefficient (23 cells/sample, n =
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3; mean * SD). Scale bars: 5 pm. (C) Schematic representation of the GST fusion proteins with
either the full-length IFT20 (IFT20-GST), or the full-length protein lacking the CC domain (ACC
IFT20-GST) or only the CC domain (CC IFT20-GST). (D) Immunoblot analysis with anti-ATG16L1
antibodies of in vitro-binding assays carried out on Jurkat T cell lysates using IFT20-GST, ACC
IFT20-GST and CC IFT20-GST fusion proteins or GST as negative control (n = 3). The Ponceau
red staining of the same membrane is shown to compare the levels of fusion proteins and GST used
in the assay. (E) Schematic representation of the GFP fusion protein with IFT20 (IFT20-GFP) or
with the full-length protein lacking the CC domain (ACC IFT20-GFP). (F) Immunoblot analysis of
LC3B in lysates of Jurkat cell mutants expressing either GFP, IFT20-GFP or ACC IFT20-GFP in the
presence or absence of chloroquine (CQ, 40 pM), which blocks the degradation of LC3-II by
impairing autophagosome fusion with lysosomes and resulting in the accumulation of degraded
proteins (Mauthe et al., 2018). The migration of molecular mass markers is indicated. The graph
shows the autophagic flux in Jurkat transfectants, calculated as the difference in the levels of
LC3II/actin between CQ-treated and CQ-untreated cells (n = 3; mean fold + SD, one-way
ANOVA). (G) Immunofluorescence analysis of LC3B in Jurkat cells expressing GFP, IFT20-GFP or
ACC IFT20-GFP either untreated or treated for 30 min with chloroquine (CQ, 40 pM).
Representative images of the z-projection of maximum intensity and the quantification of the
number of LC3* dots/cell are shown in the graph (35 cells/sample, n = 3; mean = SD, Kruskal-

Wallis test). *P < 0.05; **P < 0.01; ****P < 0.0001.

ATG16L1 is recruited from the cytoplasm to the cellular membranes that will contribute to
the formation of the autophagosome (Xiong et al., 2018). The interaction of IFT20 with the
protein GMAP210 at the Golgi (Galgano et al., 2017) and Rab5 at the early endosomes
(Finetti et al., 2014), both sources of autophagosome membrane (Itoh et al., 2008), and
with ATG16L1, led us to investigate the subcellular localization of ATG16L1 in IFT20-
depleted T cells (IFT20KD). Immunofluorescence analysis of ATG16L1 and the centrosome
revealed that, in control cell, ATG16L1-bearing vesicles cluster at the centrosome region,
while in IFT20 deficient Jurkat T cells ATG16L1 shows a more dispersed pattern (Fig.8 A,
B), supporting the idea that IFT20 tethers ATGI6L1 to a vesicular compartment.

Immunoblot analysis of cytosolic and membrane fractions confirmed the loss of ATG16L1
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compartmentalization in favour of a cytosolic localization in IFT20KD cells (Fig.8C).
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Figure 8| IFT20 mediates the vesicular localization of ATG16L1 in T cells.

(A,B) Immunofluorescence analysis of ATG16L1 and the centrosomal protein pericentrin in control

(ctr) and IFT20-deficient Jurkat cells. Representative medial optical sections are shown. Scale bars:

5 pm. (A) The graph shows the quantification of the distance of ATG16L1* vesicles from the

centrosome (mean * SD, Student’s t-test; 21 cells/sample, n = 3). (B) The scheme shows the

compartmentalization defined for each cell from the point of ATG16L1 maximal intensity. The



graph shows the quantification of the fluorescence intensity in the concentric regions (= 20
cells/sample, n = 3; mean * SD, Mann-Whitney test). (C) Immunoblot analysis with anti-
ATG16L1 antibodies in cytosolic (C) and membrane (M) fractions from either control or IFT20KD
Jurkat cells. The cytosolic protein ERK2 and the cis-Golgi marker GM130 were used as controls for
the purity of cytosolic and membrane fractions, respectively. The migration of molecular mass
markers is indicated. The histogram shows the quantification of the percentage of ATG16L1 in the
cellular fractions (n = 4; mean * SD, Student’s t-test). (D) Confocal microscopy analysis of
ATG16L1 in GFP, IFT20-GFP and ACC IFT20-GFP Jurkat T cell mutants. The graph shows the
quantification of the fluorescence intensity in the concentric regions mentioned above (B) (= 25
cells/sample, n = 3; mean = SD, Mann-Whitney test). (E) Quantification of the weighted
colocalization of y-tubulin with GFP of IFT20-GFP or ACC IFT20-GFP expressing cells, using
Mander’s coefficient (= 20 cells/line, n = 3; mean + SD). Medial optical sections of representative
images are shown. Scale bar: 5 pm. (F) Immunofluorescence analysis of ATG16L1 in control and
IFT20KD Jurkat transiently transfected with the empty vector (GFP), or the IFT20-GFP or the ACC
IFT20-GFP encoding constructs. The histogram shows the quantification of the ATGI16L1
fluorescence intensity in the concentric regions described above (= 25 cells/sample, n = 3; mean

= SD, Mann-Whitney test). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Although the IFT20 CC domain is dispensable for the interaction with ATG16L1 (Fig.7D),
it is necessary for the pro-autophagic activity of IFT20 (Fig.7 F, G). Hence, we carried out
an immunofluorescence analysis of the ACC IFT20-GFP mutant and found that the absence
of the CC domain of IFT20 causes the loss of the typical ATG16L1 vesicular pattern
(Fig.8D), similar to IFT20KD cells, while the centrosome localization of IFT20 lacking the
CC domain was unaffected (Fig.8E). Importantly, the defect of ATG16L1 distribution
observed in IFT20KD cells was rescued by restoring IFT20 expression, while ACC IFT20
was unable to rescue the defect (Fig.8F). Based on these findings, we hypothesize that
IFT20 acts as an adaptor, coupling the core autophagy protein ATG16L1 to the sites of
autophagosome formation through a molecular determinant that appears to involve its CC
domain.

With the aim to identify the specific membrane localization of ATG16L1 in T cells, we
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carried out a co-localization analysis of ATG16L1 with the Golgi apparatus, one of the most
IFT20-enriched membrane compartments, where it binds the golgin GMAP210-CC domain
(Follit et al., 2006; Finetti et al., 2009) (Fig.9A). A decreased ATG16L1 localization at the
Golgi in IFT20KD cells suggested that IFT20 is necessary for the localization of ATG16L to
this compartment. We found that the IFT20-mediated ATG16L1 localization to the Golgi
is mediated by GMAP210, as immunofluorescence analysis of GMAP210-depleted Jurkat T
cells (GMAP210KD) revealed a more dispersed ATG16L1 compartment (Fig.9B) and a
decreased association of the protein with the Golgi (Fig.9C) compared to control.
Consistently, IFT20 localization to Golgi was lost in GMAP210KD cells (Fig.9D), a result
in agreement with the known interaction of IFT20 with GMAP210 in T cells (Galgano et
al., 2017; Zucchetti et al., 2019). We took advantage of pull-down assays of IFT20 GST
constructs to map GMAP210 binding site on IFT20. We confirmed GMAP210 interaction
with the full-length IFT20 and, interestingly, we found that this interaction preferentially
involves the CC domain of IFT20 (Fig.9E).

We further investigated the role of the IFT20 CC domain in GMAP210 localization to Golgi
apparatus by immunofluorescence analysis of ACC IFT20-GFP mutants (Fig.9F).
Autophagosome formation requires membrane source from several compartments,
including the Golgi apparatus (Itoh et al., 2008; Staiano et al., 2019). We found that IFT20
recruits ATG16L1 to the Golgi in a GMAP210-dependent manner, suggesting a potential
implication of this process in the pro-autophagic activity of IFT20. However, GMAP210
deficiency did not affect basal autophagy, as assessed by the measurement of the autophagic
flux by both immunoblot and immunofluorescence analysis of LC3 (Fig.9 G, H). Hence,
IFT20 couples ATG16L1 to the Golgi in T cells through its CC domain-dependent
interaction with GMAP210, but this association does not lead to autophagosome

formation.

49



giantin ATG16L1  merge

0.6+ SRk
] =
© £ 5 5o ek == ctr
S5 04 8 = GMAP210KD
- E’E S 4
a ag g ek
X 29 g2 o=,
S 08 020 o®
; 2 2 25
— o = 2
o3
ctr IFT20KD g 1
o E
giantin  ATG16L1  merge DIC+IF zoom < 0 - ‘
L ok inner middle outer
circle ring ring
s £ c 081 oo
@ =g}
_%‘g 061 o |0
g E § 0.4] o N
o - ©o L\ A
& 8,2 © e E
E 20 ol VB
*
0L Tes A
© ctr GMAP210 &P 5
KD 0;3\ S @9
D 519'00‘0\ éﬂ
GM130 IFT20 merge DIC+IF zoom lys X v ¢7 O
1 14 _—
> 250
. —-— —
=] ] ° -
S 85% » WB anti-GMAP210
g ﬁ 06 290%
(=] = ﬁ o 50—
S 8 go4y g = «—IFT20-GST
b i< . - «_ACC IFT20-GST
& =0, = “—CCIFT20-GST
.. Iy
g 26— ~—GST
(U] 0L & 20-
ctr GMQBZW Ponceau staining
F
GFP GM130 DIC+IF Zoom 1 e
‘7. [ ]
o c 081 a
o 25 » IFT20-GFP
Eo = osf % 0ACC IFT20-GFP
0= Ll 1]
& 004l "
8 68 | " o
B o O 021 <!
Q0o
g . B
G H
15-
6- = ctr s
GMAP210 = GMAP210KD . .
c,tr KD x % | Kekkk *kkk
cQ - + -+ é % .g 1@ o soee
o Smea N - LCH 0 4] g P e
! 2 OE 0004000 -
WB anti-LC3B £ - P e g g
82 ~ OO0 Ao
000000000 200000
|, ——— 2 . g 0000 *oee
WB anti-actin 0 cq - 3 i 5
ctr GMAPKD

Figure 9| IFT20 recruits ATG16L1 to the Golgi through its CC domain-mediated interaction with
GMAP210.

(A) Quantification, using Mander’s coefficient, of the weighted colocalization of ATG16L1 and the
Golgi marker giantin in control and IFT20KD Jurkat cells (= 21 cells/sample, n = 3; mean = SD,

Student’s t-test). Medial optical sections of representative images are shown. Scale bars: 5 pym. (B)
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Quantification of ATG16L1 fluorescence intensity in the concentric regions previously described
(Fig.8B) in control and GMAP210KD cells (= 25 cells/sample, n = 3; mean + SD, Mann-Whitney
test). (C,D) Immunofluorescence analysis of ATG16L1 and giantin (C) or IFT20 and the Golgi
marker GM130 (D) in control and GMAP210KD cells. Representative medial optical section images
are shown. The histogram shows the quantification of the weighted colocalization of ATG16L1 and
giantin (C) or IFT20 and GM130 (D), calculated using Mander’s coefficient (= 20 cells/sample, n
= 3; mean = SD, Mann-Whitney test). Scale bars: 5 pm. (E) Immunoblot analysis with anti-
GMAP210 antibodies of in vitro-binding assays carried out on lysates of Jurkat cells using IFT20-
GST, ACC IFT20-GST and CC IFT20-GST fusion proteins, or GST as negative control (n = 3). The
Ponceau red staining of the same membrane is shown to compare the levels of fusion proteins and
GST used in the assay. (F) Quantification, using Mander’s coefficient, of the weighted colocalization
of the cis-Golgi marker GM130 with GFP of IFT20-GFP or ACC IFT20-GFP expressing cells (= 20
cells/line, n = 3; mean *+ SD, Mann-Whitney test). Medial optical sections of representative images
are reported. Scale bars: 5 pm. (G) Immunoblot analysis of LC3B in lysates of either control or
GMAP210KD cells in the presence or absence of chloroquine (CQ, 40 pM). The migration of
molecular mass markers is indicated. The graph shows the autophagic flux calculated as the
difference in the levels of LC3II/actin between CQ-treated and CQ-untreated samples (n = 3; mean
fold = SD, Student’s t-test). (H) Quantification of the number of LC3+* dots/cell in control or
GMAP210KD cells either untreated or treated with chloroquine (CQ, 40 uM) for 30 min (= 35
cells/line, n = 3; mean + SD, Kruskal-Wallis test). **P < 0.01; ***P < 0.001; ****P < 0.0001.

In other cell types, ATG16L1 localizes not only to the Golgi but also to early and recycling
endosomes (Ravikumar et al., 2010; Puri et al., 2013; Fraser et al., 2019). IFT20 localizes to
early endosomes by interacting with Rab5 (Finetti et al., 2014). Interestingly, Rab5 is a
component of the macromolecular complex containing the autophagosome formation
regulators BECLIN1 and VPS34 (Revikumar et al., 2008). Hence, we hypothesized that
IFT20 could promote autophagy by exploiting its interaction with Rab5 to recruit ATG16L1
to early endosomes. Immunofluorescence analysis of ATG16L1 in either control or
IFT20KD ]Jurkat T cells revealed that ATG16L1 localizes to the Rab5* compartment in
control cells (Fig.10A), confirming this interaction in T cells. Moreover, this ATG16L1 sub-
cellular localization was lost in the absence of IFT20 (Fig.10A). We confirmed both data by

51



co-immunoprecipitation experiments (Fig.10B).
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Figure 10| IFT20 is required for ATG16L1 localization to early endosomes through interaction with
Rab5.

(A) Immunofluorescence analysis of ATG16L1 in Rab5-GFP expressing control and IFT20KD
Jurkat cells. Representative medial optical sections are shown. Scale bar: 5 pm. In the graph is
reported the quantification of the weighted colocalization, using Mander’s coefficient, of ATG16L1
and Rab5 in control and IFT20KD Jurkat cells (25 cells/sample, n = 3; mean = SD, Student’s t-
test). (B) Immunoblot analysis with anti-Rab5 antibodies of ATG16L1-specific immunoprecipitates
from post-nuclear supernatants of control and IFT20KD Jurkat cells. Pre-clearing controls (neg ctr)

were run in parallel to each assay. The migration of molecular mass markers is indicated. The graph
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shows the quantification of the relative protein expression normalized to ATG16L1 as mean fold +
SD, with the expression in control cells set as 1 (n = 3, Student’s t-test). (C) Immunoblot analysis
with anti-Rab5 antibodies of in vitro-binding assays carried out on lysates of Jurkat cells using IFT20-
GST, ACC IFT20-GST and CC IFT20-GST fusion proteins, or GST as negative control (n = 3). The
Ponceau red staining of the same membrane is shown to compare the levels of fusion proteins and
GST present in the assay. (D) Immunofluorescence analysis of GFP and Rab5 in Jurkat cells
expressing either IFT20-GFP or ACC IFT20-GFP constructs. The graph shows the quantification,
using Mander’s coefficient, of the weighted colocalization of GFP and Rab5 in Jurkat transfectants,
reported as mean value/cell calculated on individual Rab5+ dot (20 cells/sample, n = 3; mean =
SD, Student’s t-test). Scale bars: 5 pm. (E) Immunofluorescence analysis of ATG16L1 and Rab5 in
either IFT20-GFP and ACC IFT20-GFP expressing Jurkat cells. The graph shows the quantification
of the weighted colocalization of ATG16L1 and Rab5 using Mander’s coefficient (= 25 cells/sample,
n = 3; mean = SD, Student’s t-test). Representative medial optical section images are shown. Scale
bar: 5 pm. (F) Immunoblot analysis with anti-Rab5 antibodies of ATG16L1-specific
immunoprecipitates from post-nuclear supernatants of Jurkat cells expressing either IFT20-GFP or
ACC IFT20-GFP. Pre-clearing controls were included (neg ctr). The migration of molecular mass
markers is indicated. The histogram shows the quantification of the relative Rab5 expression
normalized to ATG16L1 as mean fold + SD, with the expression in control cells set as 1 (n = 3;

Student’s t-test). **P < 0.01; ***P < 0.001; ****P < 0.0001.

By means of pull-down assays with IFT20-GST, CC IFT20-GST and ACC IFT20-GST, we
were able to map the interaction of IFT20 with Rab5 (Fig.10C). We found that both IFT20
molecular determinants concur to the interaction with Rab5, but that the CC domain of
IFT20 is required for its localization to early endosomes, as assessed by
immunofluorescence staining of Rab5 in ACC IFT20-GFP mutants (Fig.10D). Additionally,
ACC IFT20-GFP cells showed impaired ATG16L1 co-localization and interactions with
Rab5 (Fig.10 E, F). These findings indicate that, through the interaction with Rab5 and
ATGI16L1, IFT20 recruits ATG16L1 to early endosomes using both its unstructured and CC
domain.

The finding that IFT20 is required for ATG16L1 vesicular localization in T cells raised the
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question whether IFT20 is directly involved in the ATG16L1-related autophagy process.
Having ruled out the contribution of IFT20 to the Golgi localization of ATG16L1, early
endosomes appeared as interesting candidates. Since the autophagy regulator BECLIN1
participates in ATG16L1 recruitment for autophagosome formation (Gammoh, 2020), we
evaluated the participation of IFT20 in the interaction of ATG16L1 with BECLIN1 at early
endosomes. We found that ATG16L1 co-immunoprecipitates (Fig.11A) and co-localizes
(Fig.11B) with BECLIN1 in T cells. Interestingly, this interaction is impaired in IFT20-
deficient T cells. Nevertheless, ATG16L1 still interacted with its downstream autophagy
partner ATG5 in IFT20KD cells (Fig.11C). IFT20 deficiency did not affect either the
interaction (Fig.11D) or the co-localization (Fig.11E) of BECLIN1 with Rab5 in T cells.
Consistently, also the BECLIN1-dependent accumulation of PI3P at early endosomes was
not impaired in IFT20-deficient T cells (Fig.11F), as assessed by the co-localization of Rab5
with GFP in T cells transiently transfected with a plasmid encoding for the fusion protein
FYVE-GFP. FYVE is a tandem domain of hepatocyte growth factor-regulated tyrosine
kinase substrate, specifically interacting with PI3P. Collectively, these findings indicate that
IFT20 participates to the recruitment of ATG5-ATG12/ATG16L1 complex to early
endosomes tagged for autophagosome formation by Rab5-associated BECLIN1.

ATGI16L1 is involved in the determination of LC3 lipidation site and in the recruitment of
ATG5-ATG12, allowing for the transfer of LC3 to the phagophore membrane (Fujita et al.,
2008). By means of co-immunoprecipitation assays, we found that ATG16L1 interacts with
LC3-Iin T cells; this coupling was significantly impaired in IFT20KD cells (Fig.12A). This
result suggests that the IFT20-dependent localization of ATG16L1 to early endosomes is
necessary for the recruitment of LC3-I and to promote its local cleavage and lipidation to
LC3-II. Accordingly, in IFT20KD cells not only the interaction of ATG16L1 with LC3-I, but
also the localization of ATG16L1 to the LC3* compartment, were significantly impaired
(Fig.12B). Moreover, a decrease in the co-localization of LC3 with the Rab5* compartment
was observed in IFT20KD Jurkat cells (Fig.12C). An accumulation of LC3-II could be
detected in IFT20-deficient T cells under basal conditions (Fig.12B), in agreement with the

defect in the late steps of the autophagy pathway previously reported in these cells (Finetti
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et al., 2020). Consistent with the previous work, we found that IFT20-mediated targeting
of ATG16L1 and its partners ATG5-ATG12 to Rab5*/BECLIN1* vesicles allow for the
recruitment of LC3, which in turn participates to the local generation of isolation

membranes at early endosomes to promote the formation of the autophagosome.
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Figure 11| IFT20 recruits ATG16L1 to early endosomes tagged for autophagosome formation.
(A) Immunoblot analysis with anti-BECLIN 1 antibodies of ATG16L1-specific immunoprecipitates
from post-nuclear supernatants of control and IFT20KD Jurkat cells. Preclearing controls are

included in each blot (neg ctr). The migration of molecular mass markers is indicated. The
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quantification of the relative BECLIN1 expression normalized to ATG16L1 is reported as mean fold
+ SD, with the expression in control cells set as 1 (n = 3; Student’s t-test). (B) Quantification of
the weighted colocalization of ATG16L1 with BECLIN1, using Mander’s coefficient, in medial
confocal sections of control and IFT20KD Jurkat cells, reported in the histogram as mean + SD (=
30 cells/line, n = 3; Mann-Whitney test). Representative images of medial section images are
shown. Scale bars: 5 pm. (C) Immunoblot analysis with ATG5 antibodies of ATG16L1-specific
immunoprecipitates from post-nuclear supernatants of control and IFT20KD cells. Pre-clearing
controls are included (neg ctr). The migration of molecular mass markers is indicated. The
quantification of the relative protein expression normalized to ATG16L1 is reported as mean fold
= SD, with the expression in control sample set as 1 (n = 3). (D) Immunoblot analysis with Rab5
antibodies of BECLIN1-specific immunoprecipitates from lysates of control and IFT20KD cells. Pre-
clearing controls are included (neg ctr). The migration of molecular mass markers is indicated. In
the histogram is indicated the quantification of the relative Rab5 expression normalized to
BECLIN1 and reported as mean fold = SD, with the expression in control cells set as 1 (n = 3).
(E,F) Immunofluorescence analysis of BECLIN1 and Rab5 (E) or FYVE-GFP and Rab5 (F) in
control and IFT20KD Jurkat cells. Representative medial optical section images are shown. Scale
bars: 5 pm. The graphs show the quantification of the weighted colocalization of BECLIN1 (E) or
FYVE-GFP (F) and Rab5 in control and IFT20KD cells, calculated using Mander’s coefficient (= 32
cells/line, n = 3; mean + SD, Mann-Whitney test). **P < 0.01; ****P < 0.0001.

To summarize, we found that IFT20 participates in basal autophagy by regulating the
localization of ATG16L1 at early endosomes to promote autophagosome biogenesis. Hence,
our data identify IFT20 as an integral part of the T cell autophagy apparatus, providing
additional evidence of the participation of the ciliary machinery in the physiology and
functions of the non-ciliated T cells. The identification of IFT20 as a new promoter of the
basal autophagy in T cells (Finetti et al., 2021), together with our previous implication of
IFT20 in lysosome biogenesis (Finetti et al., 2020), highlight a prominent function for

IFT20 in the homeostasis of T cells.
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Figure 12| IFT20 mediates LC3 recruitment to ATG16L1 at early endosomes.

(A) Immunoblot analysis using anti-LC3B antibodies on ATG16L1-specific immunoprecipitates
from lysates of control and IFT20KD Jurkat cells. Pre-clearing controls and total cell lysates are
included. The migration of molecular mass markers is indicated. The graph shows the quantification
of the relative LC3B levels normalized to ATG16L1 and reported as mean fold + SD, with the value
of expression in control sample set as 1 (n = 3; Student’s t-test). (B,C) Immunofluorescence
analysis of ATG16L1 (B) or Rab5 (C) and LC3B in either control or IFT20KD cells. The histogram
reports the quantification, using Mander’s coefficient, of the weighted colocalization of LC3B and
ATG16L1 (B) or Rab5 (C) in control and IFT20KD Jurkat cells, reported as mean value/cell
calculated on single dot LC3* (= 25 cells/sample, n = 3; mean + SD, Mann-Whitney test). Medial

optical sections of representative images are shown. Scale bars: 5 pm. *P < 0.05; ****P < 0.0001.
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2. The intraflagellar transport protein IFT20 participates in CTL-mediated killing

2.1 The biogenesis of lytic granules

CTLs are critical in orchestrating the protective immune responses against cancer and
pathogen infected cells. Upon TCR triggering, CTLs can mediate target cell death and the
integrity of the killing machinery is necessary for the fulfilment of CTL immune surveillance
(McKenzie et al., 2022). The main mechanism of target cell killing involves the secretion of
lytic granules containing cytotoxic molecules (Podack et al., 1991) and their exclusive
release at the IS, the specialized membrane domain at the interface between the T
lymphocyte and the APC (de la Roche et al., 2016).

Lytic granules are characteristic of CTLs and are thought to derive from lysosomes
(Stinchcombe et al., 2004), the primary catabolic compartments of eukaryotic cells. The
lysosomes degrade extracellular material that has been internalized by endocytosis and
intracellular components that have been sequestered by autophagy (Ballabio et al., 2020).
In contrast to other cell types, which contain both secretory lysosomes and conventional
lysosomes (Raposo et al., 2007), cytotoxic granules seem to be the only lysosome-type
organelles present in mature CTLs. As secretory organelles, they contain a typical electron-
dense core domain, where secretory proteins are localized (Peters et al., 1991) and, similar
to endosomes, they incorporate extracellular proteins and surface receptors, such as the
TCR, CD8 and MHC I (Peters et al., 1989). Lytic granules are generally thought to derive
from lysosomes as not only do they bear a vesicular cortical domain surrounding the core
(Burkhardt et al., 1990) and have a low intraluminal pH (Cuervo et al., 1996) required for
the function of lysosomal enzymes, but they also contain lysosomal hydrolases, such as
cathepsin D, and harbour lysosome-associated glycoproteins, namely Lamp1, on their outer
membrane (Tian et al., 1991).

The main lytic granule content consists of granzymes, an array of serine proteases with
different substrate specificity (Chowdhuri et al., 2008), and perforin, a protein with
structural and functional similarities to bacterial pore-forming toxins (Spicer et al., 2017),

packed together on a scaffold of the proteoglycan serglycin in the dense core (Kolset et al.,
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2008). Cytotoxic granules also contain the processed isoform of granulysin, a bacteria
membrane-disrupting protein (Sparrow et al., 2020).

Naive CD8* T cells do not contain lytic granules. Only after TCR triggering they express
detectable levels of the secretory lysosome components (Sanchez-Ruiz et al., 2015). The
relative proportions of dense core and vesicular cortex vary among lytic granules (Burkhardt
et al., 1990), and this morphological heterogeneity may reflect sequential maturation stages
of the cytotoxic granules. The appearance and maturation of lytic granules correlates with
the killing ability of activated CTLs (Blott et al., 2002).

The mechanisms involved in the biogenesis of lytic granules have been in part
characterized. The multivesicular structure of the granules derives from sequential
invaginations of the membrane of early endosomes (Gruenberg, 2001), where proteins
endocytosed from the plasma membrane or deriving from the Golgi apparatus are sorted to
the late endosomes and then to lysosomes for degradation, or alternatively recycled.
Granzymes, of which the best characterized is granzyme B, enter the ER as inactive
precursors and reach the dense core of cytotoxic granules from the trans-Golgi network
(TGN). The process of granzyme biosynthesis includes N-glycosylation and the addition of
a mannose 6-phosphate (M6P) moiety. The multivesicular cortex of cytotoxic granules is
enriched in the M6P receptor (MPR), known not only for its role in the targeting of acid
hydrolases to the lysosomal compartment (Burkhardt et al., 1990) but also for its
participation in the sorting of granzymes, as well as other soluble lysosomal proteases, at
the TGN (Fig.13). From the TGN, granzymes are directed to early endosomes within
clathrin-coated vesicles (Stockli et al., 2004) and then sorted to late endosomes in
multivesicular bodies, in a process involving the endosomal sorting complex required for
transport (ESCRT) machinery (Hurley, 2008). In late endosomes, the low luminal pH is a
crucial participant in the proteolytic maturation of the serine proteases, as it allows the
dissociation of the bound ligand from the MPR, that is recycled back to the TGN (Braulke
et al., 2009). Of note, MPRs are detectable in the vesicular domain of cytotoxic granules,
whereas they are completely absent in conventional lysosomes, suggesting that lytic

granules are at a “pre-lysosomal” stage (Burkhardt et al., 1990).
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Figure 13| Schematic representation of biogenesis and exocytosis of cytotoxic granules.

Cytoplasm

Granzymes and other soluble proteins, including lysosomal hydrolases, are sorted from the TGN by
the MPR, to reach the endosomal compartment. In the late endosomes, the low pH allows for the
dissociation of the ligand from MPR, that is recycled to the TGN. Lamp1 or Lamp2 travel directly
to the plasma membrane wherefrom, following release of the lytic granule contents, they are
internalized and sorted by the AP-1 complex to the endosomal pathway (not shown). The ESCRT
machinery takes part in lytic granule protein trafficking to both early and late endosomes. Lytic
granules are hybrid organelles containing both lysosomal and endosomal components. They contain
various proportions of dense core domains, where cytotoxic proteins are stored, and multivesicular

bodies (yellow circles), containing acid hydrolases (de Sainte Basile et al., 2010).

Conversely, the pathway followed by perforin to enter the maturing lytic granules is largely
uncharacterized. The export of the perforin from the ER and the localization to lytic
granules require a molecular C-terminal domain and N-linked glycosylation (Brennan et al.,
2011), but also Lampl takes part to the sorting, interacting with the multimeric
cytoplasmic adaptor proteins (AP-1) complexes (Krzewski et al., 2013). The pore-forming
activity of perforin on biological membranes requires its polymerization in the presence of
Ca?*. Inside cytotoxic granules, perforin is kept in a monomeric conformation by serglycin
binding and by the low intraluminal pH that prevents Ca?* binding (Lopez et al., 2012).
These protective mechanisms ensure that not only perforin but also the other cytotoxic
proteins contained in lytic granules are kept inactive until release, to prevent damages to

the cell itself.
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Following their release into the synaptic cleft, perforin and granzymes cooperate to promote
target cell death. The dissociation from serglycin and the higher pH of the synaptic cleft
allows for the polymerization of perforin, whose monomers assemble to form pores in the
plasma membrane of the target cell. Through these pores, granzymes reach the cytosol of
the APC, where they trigger apoptosis by activating caspase-dependent and caspase-
independent pathways (Chowdhury et al., 2008). Lytic granules exert their cytotoxic activity
also through the activity of granulysin that, by interacting with the target cell membrane
by means of its positive charges, is able to induce the influx of Ca?*, which leads to
mitochondrial damage and activation of the caspase 3-mediated apoptotic program
(Sparrow et al., 2020).

Finally, integral lytic granule membrane proteins (Lamps) are sorted at the TGN through a
tyrosine-based or a dileucine-based motif, that directly interact with the AP-1 sorting
complex, mediating their delivery to the cortical domain of cytotoxic granules (Honing et
al., 1995).

Finetti and colleagues demonstrated that the ciliary protein IFT20 participates in biogenesis
and function of lysosomes by regulating the MPR-mediated lysosomal targeting of acid
hydrolases, as the retrograde transport of MPRs from endosomes back to the TGN in Jurkat
T cells requires IFT20 (Finetti et al., 2020). For the present work, we hypothesized that
IFT20 could take part in the traffic of MPRs also in CTLs. Since the soluble lysosomal
protease components of the cytotoxic granules, including the granzymes, are routed to lytic
compartment through the MPR pathway (Griffiths et al., 1993), IFT20 may be involved in

lytic granule biogenesis.

2.2 CTLs depleted of IFT20 show lytic granule defects and impaired cytotoxic activity
The aim of this work is to provide insights into the participation of the ciliary protein IFT20
in the biogenesis of lytic granules of CTLs, a mechanism that is still poorly characterized
and that initiates during the early phases of naive CD8* cell development (Sanchez-Ruiz et
al., 2015). Therefore, the experimental procedures were performed on a CRISPR/Cas9-

edited pool of human primary CD8* T cells knocked out for IFT20 expression (IFT20KO)
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immediately after their isolation by negative selection from the peripheral blood of human
healthy donors. The gene-edited cells were activated using beads coated with anti-CD3 and
anti-CD28 mAbs in the presence of IL2, then CD8* T cells were allowed to differentiate in
vitro to functional CTLs and used for the assays from day 5 to day 7 of maturation (Onnis
et al., 2022). Gene-edited cells were tested by immunoblot analysis at day 5 of maturation
to assess the residual IFT20 expression and we selected for further analysis only the
samples whose cells were at least 50% IFT20KO (Fig.14A).

With the aim to dissect the MPR retrograde traffic in IFT20-depleted CTLs, we set up a
recycling assay that exploits the pool of MPRs that follows the constitutive secretion
pathway and is associated with the plasma membrane. We incubated the cells with an anti-
MPR antibody at 37°C for 4 hours to allow recycling of the antibody-tagged MPRs. These
were then detected by confocal microscopy after staining with fluorochrome-labelled
secondary antibodies. Cells were co-stained for tgn38, a marker of the TGN, where the
MPR is recycled following bound-soluble hydrolase release into the late endosomes (de
Saint Basile et al., 2010). A decrease in the localization of MPR in the region of the TGN
was observed in IFT20KO cells (Fig.14B), suggesting that IFT20 may be involved in the
retrograde transport of MPR also in CTLs.

Granzyme B is one of the most relevant lytic proteins of the killing arsenal of CTLs, and it
is sorted to the secretory granule compartment through a M6P tag (Griffiths et al., 1993).
A defective retrograde transport of MPR suggested a potential downstream defect in
granzyme B transport to lytic granules. To test this hypothesis, we carried out a confocal
microscopy analysis to verify the presence of granzyme B in the lytic granules in IFT20KO
CTLs. The integral membrane protein Lampl is classically known as a lysosome marker
(Cheng et al., 2018), but it is also considered a gold standard marker for the most prevalent
type of lysosomes present in CTLs, lytic granules (Blott et al., 2002). The co-localization of
granzyme B with Lampl was decreased in IFT20KO CTLs compared to control cells
(Fig.14C), indicating that granzyme B is not correctly targeted lytic granules of IFT20-
depleted CTLs. These results implicate IFT20 in the biogenesis of the main killing-

mediating tool of CTLs.
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Figure 14| IFT20 controls MPR-mediated granzyme B targeting to lytic granules and CTL
cytotoxicity.

(A) Immunoblot analysis of anti-IFT20 antibody of either control or IFT20KO CTL lysates. A

control anti-actin blot is shown below. The migration of the molecular mass marker is indicated.

The quantification of the relative protein expression normalized to actin is reported below as mean

fold + SD, with control (ctr) value set as 1 (n > 3; one sample t test). (B,C) Quantification using

Mander’s coefficient of the weighted colocalization of either MPR/tgn38 (B) or granzyme B/Lampl

(C) in control and IFT20KO CTLs (unpaired t test; 15 cells/sample, n = 3). Representative medial

optical sections and overlay of immunofluorescence (IF) and differential interference contrast (DIC)

images (IF +

DIC) are shown. Scale bars: 5 pm. (D) Real-time calcein release-based killing assay.
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Control and IFT20KO CTLs were co-cultured with Raji B cells loaded with a mix of Staphylococcal
Enterotoxins A, B and E (SAgs) at the indicated target:CTL ratios. Target cell lysis was measured
every 10 minutes for 4 hours and reported as kinetic curves in the left graph. The graph on the right
shows the percentage of target cell death at the endpoint (4 hours). The data from at least three
independent experiments performed in duplicates are expressed as mean fold + SD, with target cell
lysis at the highest target:CTL ratio of the control sample set at 100% of cytotoxicity (ANOVA). *P
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Cytotoxic granule exocytosis is the main killing strategy of CTLs (Trapani et al., 2002).
Confocal microscopy analysis suggested that the cargo of these organelles was depleted of
one of the most active lytic proteins in IFT20-depleted CTLs, therefore we decided to test
the cytotoxic activity of IFT20KO cells. A time course analysis of fluorescent calcein release
by target cells upon CTL-mediated killing (Chang et al., 2017) revealed that, when IFT20
was depleted, the killing capability of CTLs was impaired at every effector:target cell ratio
(E:T) tested (Fig.14D), indicating that IFT20 is required for the cytotoxic activity of CTLs.
These data suggest that IFT20 is regulates the efficacy of CTL-mediated killing.

2.3 IFT20 couples the master transcription TFEB that regulates the lysosomal
CLEAR network to the biogenesis of lytic granules

Previous work by our lab revealed that IFT20-deficient T cells show lysosomal
compartment abnormalities, as not only the average size of their lysosomes is increased but
these organelles are also present in reduced number when IFT20 is downregulated (Finetti
et al., 2020). This phenotype is consistent with a defect in the biogenesis of lysosomes
(Settembre et al., 2013). Consistently, also IFT20-depleted CTLs showed a similar
phenotype of the lysosomal compartment, as the number of lysosomes, identified as
Lampl+* vesicles, was decreased and their average size increased (Fig.15A), relating the
downregulation of IFT20 to a defective lysosomal biogenesis also in CTLs. Staining CTL
secretory lysosomes for granzyme B showed that IFT20-depleted CTLs contained a lower

number of granzyme B* vesicles and their average size was increased compared to control
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cells (Fig.15B). This result is a further validation of the lytic granule defect associated to
IFT20 deficiency in CTLs, whose lysosome compartments are composed only of lytic
granules (Blott et al., 2002).

Lysosomal activity requires the concerted action of hydrolases, the acidification machinery
and membrane proteins. The expression and activity of these components must be
coordinated to allow optimal lysosomal function in different physiological and pathological
conditions. The biogenesis of lysosomes is a process orchestrated by the coordinated
lysosomal expression and regulation (CLEAR) gene network and regulated by the
transcription factor EB (TFEB) (Settembre et al., 2013). TFEB participates in a lysosome-
to-nucleus signalling mechanism that conveys information on the lysosomal status to the
nucleus to trigger a transcriptional response (Palmieri et al., 2011). Consistent with its role
as a modulator of the CLEAR network, TFEB positively regulates the expression of
lysosomal genes, controls the number of lysosomes, and promotes the ability of cells to
degrade lysosomal substrates (Ma et al., 2012). In the case of lysosomal damage, the cell
activates a compensatory enhancement of lysosomal component expression an attempt to
bring lysosome dynamics back on track (Sardielloet al., 2009). Accordingly, the mechanism
activated by IFT20-deficient T cells to compensate for the defect in the lysosomal
compartment is the upregulation of the TFEB-driven lysosome biogenesis program, that
causes a lysosome enlargement (Finetti et al., 2020). Consistently, we found that the
transcription of Lamp1 and cathepsin D genes belonging to the CLEAR gene network, as
well as TFEB, the master transcription factor responsible for its coordination (Settembre et
al., 2013), were upregulated in IFT20-depleted CTLs (Fig.15C). The activation of CLEAR
gene network in IFT20-depleted CTLs not only further confirms a possible participation of
IFT20 in the biogenesis of lytic granules but may also lead to the characterization of the
mechanisms controlling the biogenesis of CTL cytotoxic granules.

Considering the lysosomal origin of lytic granules, we hypothesized that TFEB may take
part in the biogenesis of lytic granules as well. The quantification of the expression of some
lytic granule components revealed that IFT20KO CTLs upregulate the transcription of

granzyme A, granzyme B, perforin, serglycin and granulysin (Fig.15D). Additionally, the
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protein levels of granzyme B were upregulated in IFT20KO CTLs compared to control cells
(Fig.15E).

The upregulation of secretory lysosome components at both transcriptional and protein
levels in CTLs may suggest that TFEB coordinates not only lysosome but also lytic granule
biogenesis. With the aim to deeper investigate the possible involvement of the CLEAR gene
network in the biogenesis of cytotoxic granules, we decided to over-express TFEB in CTLs
(Fig.15F, left). In agreement with the literature, we found that the transcription of Lamp1
and cathepsin D from the CLEAR gene network were upregulated as a consequence of TFEB
overexpression (Fig.15F, centre) (Sardiello et al., 2009). Strikingly, gene expression
analysis revealed that also lytic granule component genes, namely granzyme A, granzyme
B, perforin, serglycin and granulysin, were upregulated in CTLs over-expressing TFEB
(Fig.15F, right). This evidence supports the presence of a tight relationship between the

assembly of lytic granules and the TFEB-regulated transcription program.

2.4 IFT20 is implicated in SMAP biogenesis

Besides the release of classical lytic granules, the recent discovery of supramolecular attack
particles (SMAPs) (Balint et al., 2020) has unveiled an alternative mechanism of CTL-
mediated cytotoxicity. While lacking membrane proteins, SMAPs possess a core of
canonical lytic granule effectors, namely perforin, granzymes, and serglycin, and a
glycoprotein shell, whose most prominent component is thrombospondin-1 (THSBI).
Consistent with their lytic cargo, purified SMAPs have the ability to kill cells autonomously
(Balint et al., 2020). Classical lytic granule- and SMAP-mediated target cell killing show
some differences. When released within the classical granules, perforin and granzymes are
immediately available to interact with the target cell, with their release restricted to the IS
(Murphy and Weaver, 2016). Conversely, once released by the CTL, SMAPs remain active
for hours and thus may act in a different time frame and outside the IS (Ambrose et al.,

2020).
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Figure 15| IFT20 is involved in the TFEB-driven lytic granule biogenesis program in CTLs.
(A, B) Immunofluorescence analysis of Lamp1 (A) and granzyme B (B) in ctr and IFT20KO CTLs.

Representative images (medial optical sections) are reported. Scale bars: 5 pym. The graphs show
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the quantification of the number of Lamp1l+ or granzyme B+ vesicles/cell (left) and their average
size (um?) (right) (mean = SD, =35 cells from three independent experiments, unpaired t test).
(C, D, F) Quantitative RT-PCR analysis of TFEB and TFEB-regulated (C) and lytic granule
component (D) genes in control and IFT20KO CTLs (C, D)or CTLs transiently transfected either
with a construct encoding GFP-tagged TFEB or with the respective GFP empty vector (F) (n = 3;
one sample t test) (F). The relative abundance of gene transcripts was determined on duplicate
samples using the AACt method and was normalized to human 18S. The data (mean + SD) are
expressed as normalized fold expression in IFT20KO or TFEB-GFP versus respective control
samples, with the expression in control cells set for each gene as 1 (red line). (E) Immunoblot
analysis with anti-THSB1 and anti-granzyme B antibodies of either control or IFT20KO CTL lysates.
An anti-actin control blot is shown below. The migration of the molecular mass marker is indicated.
The graph shows the quantification of THSB1 and granzyme B in IFT20KO CTLs as mean
normalized fold + SD, with the expression of each protein in control cells set as 1 (red line). *P <

0.05; **P < 0.01; ***P < 0.001.

Interestingly, CTLs were very recently shown to contain a homogeneous population of
smaller granules with a single dense core (SCG), and a heterogenous population of larger
granules with multiple dense cores (MCG). Proteomic analysis revealed a remarkably
different composition of these two populations, as SCGs are enriched in lysosomal proteins,
and hence are very likely to represent the classical lytic granules, while MCGs are enriched
in endosomal trafficking regulators. THSB1 was found to selectively associate with MCGs
and to be released in particles with a core-shell structure very similar to the SMAPs. SCGs
and MCGs released were found to be involved in distinct fusion events, suggesting that the
two classes of lytic granules mature and undergo exocytosis through independent pathways
(Changetal., 2022).

As novel evidence revealed the existence of distinct population of lytic granules (Chang et
al., 2022), we analysed the gene expression of THSB1 in IFT20-depleted CTLs to assess the
potential role of IFT20 in SMAP biogenesis. Interestingly, we detected an upregulation of

THSB1 mRNA and protein in IFT20KO CTLs compared to control cells (Fig.15 D, E).
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Collectively, these data highlight a defect in the lysosomal compartment in IFT20-depleted
CTLs, as witnessed by the phenotype showed by IFT20KO CTLs. This phenotype can be
explained by the accumulation of lytic granule components, which could be due either to
increased production or reduced secretory granule exocytosis. According to our data, both
these hypotheses could be valid. Indeed, we found that IFT20-depleted CTLs upregulate
the biogenesis of lytic granule components, but these fail to reach the lytic granules because
of impaired lysosomal targeting. Additionally, the cytotoxic capability of IFT20KO CTLs is
reduced, which may be caused by the inability of CTLs to release the lytic granule contents
onto the target cell. Besides the participation of IFT20, our work may shed a light on a
possible role for the CLEAR gene network in the biogenesis of CTL lytic granules, a

pathway that up to date has not been completely elucidated yet.

2.5 IFT20 participates in signalling at the IS of CTLs

T cell responsiveness is orchestrated by the dynamic modulation of the surface TCR.
Resting T lymphocytes are characterized by constitutive cycles of TCR exposition,
endocytosis and eventually either recycling or degradation (Geisler, 2004). This continuous
mechanism subserves a dual function. First, it is a quality control check that ensures the
identification and degradation of unsuitable TCR complexes. Additionally, it allows for the
formation of an intracellular pool of functional TCRs that can be rapidly mobilized to the
IS in response to the engagement of plasma membrane associated TCRs (Onnis et al., 2016).
The binding of a peptide-MHC complex triggers surface TCR activation and leads to
receptor internalization. This event is followed by either polarized recycling to the plasma
membrane or receptor degradation, and by the polarization to the IS of TCRs from the
endosomal compartment (Alcover et al., 2000). IFT20 is one of the proteins that promote
TCR recycling to the IS downstream centrosome polarization in both Jurkat and primary T
cells (Finetti et al., 2009; Finetti et al., 2014). IFT20 is involved in the intracellular
trafficking pathway through its association with both Rab5 and TCR on early endosomes.

In IFT20-deficient T cells, recycling TCRs accumulate in Rab5* endosomes, which fail to
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cluster at the IS despite a normal polarization of the centrosome, indicating that IFT20
controls TCR traffic from early to recycling endosomes (Finetti et al., 2014).

Based on this evidence, we investigated the possible implication of IFT20 in the signals
activated after TCR engagement in CTLs. With this aim, we carried out the analysis of
conjugates of IFT20-depleted CTLs and Raji B cells pulsed with a mix of superantigens
(SAgs), including Staphylococcal enterotoxin A (SEA), Staphylococcal enterotoxin B (SEB)
and Staphylococcal enterotoxin E (SEE) to cover a substantial proportion of the TCR Vf
repertoire and hence maximize the number of responding T cells (Fig.16A). Consistently
with previous data on IFT20KD Jurkat T cells, we found that synaptic accumulation of TCR
is impaired in CTLs, as well as the TCR-related phosphotyrosine (pTyr) enrichment at the
IS region. The TCR-signalling defect was not associated to impaired centrosome
translocation towards the T-APC interface, as we found centrosome repositioning beneath
the IS membrane to occur normally in IFT20-depleted CTLs (Fig.16 B, C).

The IS acts as a platform where signals from the TCR and other co-stimulatory molecules
are integrated to initiate and coordinate the T cell activation program (Gaud et al., 2018).
The proper assembly of the IS represents a crucial step in CTL lethal hit, as it drives the
localized delivery of lytic granules and their release into the synaptic cleft (de Saint Basile
et al., 2010). Hence, a defect in the IS formation may concur to the impaired cytotoxic
capability of IFT20-depleted CTLs.

Sustained signalling at the IS is fundamental to achieve a successful TCR signal
transduction in response to peptide-MHC presentation (Soares et al., 2013), and it crucially
relies on the continuous cycles of TCR internalization and recycling that IFT20 contributes
to regulate in freshly purified T cells (Finetti et al., 2009; Finetti et al., 2014). We asked
whether this function of IFT20 extends to CTLs. Similar to CD4* T cells, we found that
TCR clustering and TCR-dependent pTyr accumulation at the IS induced in response to the
antigen binding in CTLs require the presence of IFT20. IFT20 is not required for the MTOC-
mediated delivery of CD3-bearing vesicles to the synaptic membrane, as centrosome
translocation beneath the IS region occurs normally in IFT20-depleted CTLs. The

mechanism that is more likely responsible for the impaired TCR clustering to the IS in
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IFT20-depleted CTLs may be a defect in TCR trafficking, that has already been
demonstrated to be orchestrated by IFT20 in Jurkat and freshly purified T cells (Finetti et

al., 2014). We are planning to test this point experimentally.

A
CD3( pTyr merge DIC + IF
L -- =
© | “' » L
: --
X
(=]
(3]
=
L

B
80+ 80 * 100+ n.s.
* T 2
@ & == % - T
o .
Lo | £ 60~ el
S L 2 5
= =] O 604
< E‘ Q
Q 40+ 8 40— =
fn * £ 401
2] > <
o = 2
3 20— Q. 20— g 204
X ES g
R
0 | 0 I 0 1
ctr IFT20KO ctr  IFT20KO ctr  IFT20KO
C
15
8 3
£ K
= -
@ S
£ £
5 5
2 e
[l [
(2]
a e
Q o
ctr IFT20KO ctr IFT20KO

Figure 16| IFT20 is required for lytic synapse assembly in CTLs.
(A) Immunofluorescence analysis of the TCR subunit CD3( and tyrosine phosphoproteins (pTyr)
15 min after conjugate formation of control and IFT20KO CTLs and SAg-loaded Raji cells. Medial

optical sections of representative images from at least three independent experiments are reported.
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Scale bar: 5 um. (B) Quantification of the percentage of conjugates of ctr and IFT20KO CTLs
harbouring CD3(, pTyr or centrosome marker pericentrin staining at the IS (> 30 cells/sample, n >
3; mean * SD, unpaired t test). (C) Relative CD3( or pTyr fluorescence intensity at the IS
(recruitment index, > 10 cells/sample, n > 3; mean + SD, unpaired t test). *P < 0.05; **P < 0.01;

n.s. not significant.

Collectively, our results place IFT20 at two distinct steps of CTL-mediated cytotoxicity.
Indeed, not only does IFT20 participate in the regulation of the biogenesis of lytic granules
but it is also required for the vesicular traffic that sustains the signals at the IS, suggesting

new implications for IFT20 in the cytotoxic capability of CTLs.

72



3. The mitotic regulator Polo-like kinase 1 (PLK1) is involved in the IS assembly of

CTLs

3.1 Mitotic kinases as new players in IS assembly

The correct assembly of the IS is an essential event during the development of the adaptive
immunity, as it is required for the proper activation, proliferation, and differentiation of T
cells, hence allowing them to carry out multiple effector functions (Chakraborty et al.,
2014). The IS dynamics involve the microtubule-driven translocation of the centrosome
beneath the IS membrane, together with the Golgi apparatus. In CTLs, centrosome
polarization to the T-APC contact point is a critical step that sustains the secretion of lytic
granules into the synaptic cleft (Martin-Cofreces et al., 2014).

The profound changes that characterize the T cell response to an antigen require the
transmission of activating signals from the IS to the cytoskeleton. In this regard, a crucial
early event is Lck-dependent TCR/CD3 phosphorylation (Palacios and Weiss, 2004), which
leads to receptor clustering at the cSMAC during IS maturation (Lee et al., 2002). These
early signals are amplified by the recruitment and phosphorylation beneath the IS
membrane of a number of cytosolic enzymes and adaptors that propagate the activation
signal. The network that is required for the transmission of the signals downstream TCR
activation is hugely complex and, among the plethora of molecules involved in this process,
the kinase Aurora-A (AurA) has recently emerged as a novel effector, promoting not only
early T cell activation but also downstream effector functions (Blas-Rus et al., 2016).
AurA is a serine/threonine kinase classically involved in cell cycle progression at the onset
of mitosis, playing a critical role in centrosome and spindle dynamics. AurA expression and
activity peak in late G2, when the protein is concentrated at the centrosomes (Carmena et
al., 2003). During centrosome maturation, AurA promotes microtubule assembly by
recruiting nucleation and stabilization factors (Sardon et al., 2008). Besides its role in cell
cycle progression, the capability of AurA to orchestrate microtubule dynamics is extended
also to the IS maturation in CD4* T lymphocytes. Interestingly, AurA is activated upon

TCR stimulation and regulates the growth of the microtubules arising from the MTOC in
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response to the signals downstream TCR triggering. The inhibition of AurA activity is
associated with a decreased number of nucleated microtubules near the contact area which
affects the polarized movement of CD3(-bearing vesicles to the IS and leads to impaired
TCR clustering at the synaptic membrane. Furthermore, specific inhibition of AurA affects
Lck activation and localization, thereby impairing the activation of TCR/CD3 complex-
derived signals and preventing T cell activation (Blas-Rus et al., 2016). Hence, AurA
contributes to both early and late signalling events in T cells.

The mitotic regulator Polo-like kinase 1 (PLK1) is a substrate of AurA controlling the
dynamics of the centrosome during cell cycle progression (Joukov et al., 2018). The PLK
family comprises five members, of which PLK1 is the most extensively characterized. A
defining feature of PLKs is the presence of the C-terminal polo box domain (PBD), involved
in the control of the kinase activity and target specificity. By means of its PBD, PLK1 docks
into a myriad of proteins to perform critical mitotic functions (Reinardt et al., 2013). The
full activation of PLK1 requires not the only conformational changes caused by the PBD
docking but also the phosphorylation of the kinase in a region known as the activation loop
or T-loop (Xu et al., 2013).

PLK1 is a key regulator of mitosis initiation. PLK1 expression is elevated in actively
proliferating cells and is significantly different among the stages of the cell cycle. Several
regulatory events coordinate the spatiotemporal dynamics of PLK1 activity (Joukov et al.,
2018). The expression of PLK1 is cell cycle dependent, as this kinase is barely detectable in
G1 and S phases, gradually increases in G2 phase and peaks in M phase (Schmucker et al.,
2014), when its kinase activity is highest. After the completion of cell division, PLK1
expression declines and then moves into the next loop of cell cycles. Co-factors and kinases
regulate the phosphorylation of the residues that are involved in PLK1 activation, thereby
regulating its activity at multiple steps in the cell cycle. Among these kinases, AurA and its
co-factor Bora activate PLK1 at its T-loop Thr210 residue to promote cell entry into mitosis
(Bruinsma et al., 2014).

During the cell cycle, the main PLK1 functions start in G2, during which it localizes to

centrosomes. The centrosome is the major microtubule-organizing centre (MTOC) in

74



animal cells and is composed of two microtubule-based cylinders, the centrioles, which are
surrounded by pericentriolar material (PCM). The centrioles maintain centrosome
organization, while the PCM, which is highly enriched in y-tubulin, is responsible for
nucleating microtubule growth. Centrosomes duplicate at each cell cycle. Duplication starts
at the G1/S transition and assembly occurs in the S phase. Subsequently, centrosomes
undergo maturation at the end of G2, acquiring the ability to nucleate a higher number of
microtubules characterized by increased dynamicity, and separate during mitotic phase.
Within the centrosome, centriole assembly and maturation are pursued in a parallel
manner. An important event that coordinates the centrosome cycle with the cell cycle is
centriole disengagement within the centrosome, which occurs at the exit from mitosis and
is required for centrioles to duplicate for the next cell cycle. PLK1 is a major mediator of
centrosome maturation, separation, and centriole disengagement, orchestrating the
coordination of these events within the cell cycle (Zitouni et al., 2014).

Beyond cell cycle, a growing body of evidence describes additional roles of PLK1, more
specifically in DNA damage response (Van Vugt et al., 2004), chromosome instability
(Liccardi et al., 2019), autophagy (Ruf et al., 2017), and apoptosis (Shao et al., 2018).
Furthermore, PLK1 has an indisputable role in cancer, as it controls several key
transcription factors and promotes cell proliferation, transformation, and epithelial-to-
mesenchymal transition (Iliaki et al., 2021). Early observations on the overexpression of
PLK1 in human tumours (Holtrich et al., 1994) and the inhibition of cellular proliferation
following neutralizing anti-PLK1 antibody treatment into HeLa cells (Lane et al., 1996)
initiated a series of studies evaluating a broad spectrum of inhibitors aiming to test the
potentiality of PLK1 as a target for cancer therapy (Strebhardt, 2010). The identification of
PLK1 as a functional node in the oncogenic network proved to be key in the advancement
of effective therapies and led to intensive efforts to develop potent and specific small
molecules that inhibit PLK1 activity (Liu et al., 2017).

The ATP-binding pocket of kinases is a classical target for the design of inhibitors. The
small molecule BI2536 is a highly selective ATP-competitive inhibitor of PLKI, that

engages in a network of interactions involving residues from the N-terminal and C-terminal
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lobes of the kinase domain (Kothe et al., 2007). BI2536 treatment inhibits the proliferation
of various tumour cell lines from different tissues by blocking cancer cells in the metaphase
of mitosis and leading to apoptosis (Steegmaier et al., 2007; Liu et al., 2017). A number of
studies have revealed that targeting PLK1 may be an effective strategy to control cancer cell
proliferation (Liu et al., 2017). However, PLK1 inhibitors, including BI2536, have not
achieved a satisfactory therapeutic effect in clinical trials (Gutteridge et al., 2016). One main
reason is the dose-limiting toxicities of these molecules (Degenhardt et al., 2010).

In addition to its several and well characterized roles in cell cycle progression, we
hypothesize that PLK1-driven centrosome dynamics may be relevant also in T lymphocyte
functions. The demonstration that its upstream regulator AurA is involved in the T cell
activation through its capability of regulate TCR activation and microtubule dynamics
(Blas-Rus et al., 2016) opened the way for the investigation of the potential involvement of

PLK1 in the assembly of the IS of CTLs.

3.2 PLK1 is recruited to the IS of CTLs

The localization of PLK1 at the centrosome is well described in several cell types (Colicino
et al., 2018), however its localization in T lymphocyte has not been investigated as yet.
Hence, we first addressed this point in CTLs.

Before mitotic entry, pericentriolar material 1 (PCM1), a centriolar satellite protein,
recruits PLK1 to the pericentriolar matrix, where PLK1 is activated by AurA (Wang et al.,
2013). We carried out a confocal microscopy analysis on CTLs at days 5 to 7 of
differentiation and the co-localization analysis of PLK1 and PCM1 showed that the
centrosome localization of PLK1 is conserved in T lymphocytes (Fig.17A, upper panel). We
further confirmed this subcellular localization by co-staining with an additional centrosome
marker, y-tubulin (Fig.17A, lower panel).

To assess whether this mitotic regulator could be directly involved in centrosome dynamics
at the IS, we first investigated the localization of PLK1 during the IS formation. Consistent
with our hypothesis, PLK1 not only maintains a centrosomal localization in CTLs following

antigen-specific engagement by APC, but it is also recruited to the CTL subsynaptic region
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(Fig.17B). We carried out the analysis at either 5 or 15 minutes after conjugate formation,
to visualize the events taking place at a stage when the IS has not yet achieved its final
architecture versus a fully mature IS (de la Roche et al., 2016). Interestingly, PLK1 is
recruited beneath the synaptic membrane of CTLs at an early stage of IS maturation,
suggesting that it might be involved in early events leading to CTL-mediated killing.

The kinase activity of PLK1 depends on its own phosphorylation. Immunoblot analysis of
the phosphorylated form of PLK1 (pPLK1) in CTLs revealed that, while the active form of
PLK1 is barely detectable in unstimulated cells, there is a sharp increase in the presence of
the activated protein following TCR engagement by anti-CD3 mAb in CTLs, with the
highest levels detected at the earliest time point (Fig.17C). Hence, TCR engagement
promotes PLK1 phosphorylation and activation in CTLs.

To assess the specific localization of activated PLK1 following TCR engagement in CTLs,
we performed a confocal microscopy analysis of pPLK1 in CTLs conjugated with either SAg-
pulsed or unpulsed Raji B cells. While in unspecific conjugates pPLK1 remains localized at
the centrosome, SAg-specific conjugates were characterized by the accumulation of pPLK1
at the IS membrane of CTLs (Fig.17D), clearly showing that TCR triggering promotes the
recruitment of pPLK1 to the IS. Of note, we also detected an accumulation of pPLK1 in a
perinuclear region (Fig.17D), a localization consistent with the reported activity of PLKI.
Indeed, while PLK1 is phosphorylated on Thr210 in the cytoplasm by AurA and its co-factor
Bora (Bruinsma et al., 2014), PLK1 translocation to the nucleus seems to be required target
phosphorylation, as downstream target phosphorylation by PLK1 first occurs in the nucleus
(Bruinsma et al., 2015).

Hence, our preliminary results on the PLKIl-mediated orchestration of centrosome
dynamics at the IS show not only that PLK1 is phosphorylated following TCR engagement
in CTLs, but also that the phosphorylated form of PLK1 accumulates at the IS membrane,

supporting the hypothesis that this mitotic regulator may have a function at the CTL IS.
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Figure 17| PLK1 is phosphorylated and recruited to the IS in CTLs.

(A) Quantification using Mander’s coefficient of the weighted colocalization of PLK1 and
centrosome markers PCM1 or y-tubulin, respectively, in CTLs (30 cells/sample, n = 3; mean fold +
SD). Medial optical sections of representative images are shown. Scale bar: 1 pm. (B)

Immunofluorescence analysis of PLK1 and PCM1 in 5 or 15 minutes CTL:APC conjugates.
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Conjugates formed in the absence of SAgs (no SAgs) were used as negative control. Scale bar: 5
um. The graphs show the percentage of conjugates with PLK1 polarization to the IS (15
cells/sample, n = 3; ANOVA) and the quantification of the distance of PLK1 from the IS membrane
(pm) (20 cells/sample, n=3; Kurskall Wallis test), respectively. (C) Immunoblot analysis with anti-
pPLK1 antibody of CTL lysates either unstimulated or stimulated with anti-CD3 mAb for the
indicated times. An anti-actin control blot is shown below. The migration of molecular mass marker
is indicated. The quantification of PLK1 phosphorylation is reported in the graph (n=3; mean fold
= SD, one sample t test). (D) Immunofluorescence analysis of p-PLK1 and PCM1 in 5 or 15 minutes
CTL:APC conjugates. Scale bar: 5 um. The graphs show the percentage of conjugates harbouring
accumulation of the phosphorylated form of PLK1 at the IS region (15 cells/sample, n = 3; mean
= SD, ANOVA) and the quantification of pPLK1 fluorescence intensity at the IS membrane (pm) (24
cells/sample, n=3; mean * SD, Kurskall Wallis test), respectively. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.

3.3 CTLs show an altered IS structure following PLK1 inhibition

To investigate the potential role of PLK1 at the IS of CTLs we took advantage of the highly
selective ATP analogue BI2536, which inhibits PLK1 enzymatic activity at low nanomolar
concentrations (Steegmaier et al., 2007).

T cell activation requires the intracellular transduction of the signals emanated from the
MHC-engaged TCR. The likelihood of a single receptor to initiate signalling upon ligand
binding depends on the spatial reorganization of TCR complexes, with TCRs in dense
clusters having the highest signalling efficiency (Pageon et al., 2016). Furthermore, the
polarized delivery of TCR/CD3-containing vesicles is necessary for the sustained signalling
at the IS (Onnis and Baldari, 2019) and was recently proved to be impaired in the case of
inhibition of the upstream PLK1 activator AurA (Blas-Rus et al., 2016). Consistent with a
possible involvement of PLKI1 activity in the assembly of the IS in CTLs, confocal
microscopy analysis of CTLs and SAg-loaded Raji B cells conjugates revealed that the
synaptic accumulation of CD3¢ component of the TCR complex is decreased in BI2536-
treated CTLs (Fig.18A). The entity of the defect was measured not only by the

quantification of the T-APC conjugates positive for TCR accumulation at the IS (Fig.18B,

79



left) but also through the CD3( recruitment index, a value expressing the ratio of the
fluorescence of CD3( at the IS compared to the fluorescence in the total cell membrane
(Fig.18B, right). Taken together, these data show that the inhibition of PLK1 interferes
with the recruitment of TCR complexes to the IS in CTLs.

The process of polarized TCR clustering is facilitated by the translocation of the centrosome
towards the APC (Finetti et al., 2015). The defective TCR clustering to the IS, as well as the
central role of PLK1 activity for centrosome maturation during cell cycle, led us to
investigate the potential outcomes of PLK1 pharmacological inhibition in centrosome
translocation beneath the IS following TCR engagement. We performed confocal
microscopy analysis of both the centrosome and lytic granules in conjugates of CTLs, either
pre-treated with BI2536 or untreated, and conjugated with either SAg-loaded or unloaded
Raji B cells (Fig.18A). Then we carried out different types of analysis to investigate the
potential architectural aberrations of the IS when PLK1 was inhibited. The quantification
of the percentage of conjugates positive for centrosome translocation towards the IS
membrane revealed that this mechanism is impaired in BI2536-treated CTLs (Fig.18C,
left). Furthermore, in physiological conditions, the distance of the centrosome from the IS
membrane decreases in SAg-specific conjugates compared to non-pulsed samples, as the
centrosome moves towards the maturating IS (Cassioli and Baldari, 2022). At variance, the
distance of the centrosome from the IS membrane was increased in BI2536-treated cells
compared to controls (Fig.18C, right), indicating that the treatment with the inhibitor
impairs the polarization of the centrosome towards the IS.

We hypothesized that the impaired TCR/CD3 complex accumulation at the IS in CTLs
following BI2536 treatment could be caused by defective TCR signalling, a speculation
based also on the evidence that the PLK1 upstream activator AurA takes part in early TCR
activation by helping Lck phosphorylation (Blas-Rus et al., 2016). To assess the potential
role of PLK1 in TCR signalling, we performed the immunoblot analysis of the active form
of proteins that belong to the canonical signalling cascade downstream the TCR activation
in response to anti-CD3 antibody binding (Bhattacharyya et al., 2020). While TCR

triggering induces the accumulation of the active form of LAT and Erk in untreated samples,
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the analysis of BI2536-treated CTLs revealed a reduction in LAT and Erk phosphorylation
when PLK1 activity was inhibited (Fig.18D). Taken together, this evidence suggests that

the impaired TCR clustering at the IS following PLK1 inhibition prevents TCR activation.
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Figure 18| PLK1 inhibition impairs TCR signalling in CTLs.

(A) Immunofluorescence analysis of CD3( and pericentrin in CTLs pre-treated with either vehicle
or BI2536, mixed with Raji cells (APCs) either unpulsed or pulsed with SAgs, and incubated for 5
or 15 min at 37°C. Representative images of medial optical sections are shown. Scale bar: 5 pm. (B)
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Quantification of percentages of conjugates positive for CD3( polarization to the IS (left) and of
relative CD3( fluorescence intensity at the IS (recruitment index, right) (20 cells/sample, n = 3;
ANOVA) is reported in the graphs. (C) The graphs show the percentage of conjugates with
pericentrin polarization to the IS (left) and the quantification of the distance of pericentrin-stained
centrosome from the synaptic membrane (right) (um) in conjugates of either control or BI2536-
treated CTLs and Raji B cells either unpulsed or pulsed with SAgs (20 cells/sample, n = 3;
ANOVA). (D) Immunoblot analysis with anti-pLAT and anti-pErk antibodies of either control or
BI2536-treated CTL lysates, unstimulated or stimulated with anti-CD3 mAb for the indicated times.
An anti-actin control blot is shown below. The migration of molecular mass marker is indicated.
The graph shows the quantification of pErk and pLAT, respectively (n > 3; mean fold = SD, one-

way ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Full TCR activation and signal transduction are pivotal for the proper triggering of the
killing machinery of CTLs. Despite the initial T cell activation occurs at the plasma
membrane, its progression requires the contribution of intracellular components, including
the MTOC and the microtubule-dependent vesicular traffic of endosomal TCRs and
signalling mediators (Onnis et al., 2016). Consistent with previous data available on its
upstream regulator AurA in CD4* T cells (Blas-Rus et al., 2016), our data suggest that also
PLK1 may be required for the proper microtubule-mediated clustering of TCR complexes
at the IS membrane of CTLs.

The dynamic reorganization of the microtubule cytoskeleton and centrosome reorientation
at the IS is required for T cell effector functions, facilitating the polarized release of
cytokines and cytolytic factors (Stinchcombe et al., 2006). Polarized secretion into the
synaptic cleft concentrates the lytic moieties delivered to the APC, while minimizing the
damage to bystander cells in the surrounding tissue (Bettencourt-Dias et al., 2007; Pihan,
2013). As PLK1 inhibition prevented centrosome translocation towards the IS, we
hypothesized that also the related polarization of lytic granules could be impaired. Hence,
we carried out a confocal microscopy analysis of granzyme B, used as a marker of cytotoxic
granules, and the centrosome marker pericentrin (Fig.19A). The quantification of the

percentage of conjugates positive for granzyme B-bearing vesicle polarization at the IS
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revealed that this mechanism is impaired in BI2536-treated CTLs (Fig.19B, left).
Furthermore, we measured the distance of granzyme B+ granules from the IS and found
that, in normal maturating IS, this distance decreases in SAg-loaded versus unloaded
samples. Conversely, the distance of granzyme B* vesicles in BI2536-treated SAg-specific
conjugates is comparable to the correspondent non-pulsed samples (Fig.19B, right),

indicating that PLK1 inhibition affects the polarization of lytic granules towards the IS.
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Figure 19| PLK1 inhibition impairs lytic granule polarization towards the IS in CTLs.

(A) Immunofluorescence analysis of the lytic granule component granzyme B and the centrosomal
protein pericentrin in 5 and 15 minutes conjugates of vehicle or BI2536-treated CTLs and SAg-
pulsed Raji cells. Medial optical sections of representative images are reported in the panel. Scale
bar: 5 pm. (B) The graphs show the percentage of conjugates with granzyme B polarization to the
IS in either control and BI2536-treated CTLs (left) and the quantification of the distance of
granzyme B-bearing vesicles from the IS membrane (pm) (right). (C) Quantification of the distance
of granzyme B+ vesicles from centrosome in 5 or 15 minutes CTL:APC conjugates (um). (B,C) Data
are reported as mean + SD. Statistical analysis: 20 cells/sample, n = 3; ANOVA. *P < 0.05; **P <

0.01; ***P < 0.001; ****P < 0.0001.
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The centrosome-mediated delivery of lytic granules to the IS occurs in two distinct steps.
TCR signalling triggers an initial convergence of granules towards the centrosome, causing
a bolus of granules to be delivered simultaneously with centrosome polarization to the IS
(Ritter et al., 2015). To address this point in our model, we measured the distance of
granzyme B* lytic vesicles from the centrosome in either control or BI2536-treated CTLs.
The results showed that this distance was increased when PLK1 activity was inhibited
(Fig.19C). Hence, pharmacological inhibition of PLK1 prevents the convergence of lytic
granules towards the centrosome. These results highlight a role for PLK1 in orchestrating
the correct architecture of the CTL IS, with a potential impact on the delivery of the lethal

hit.

3.4 PLK1 is required for the cytotoxic activity of CTLs

Polarized clustering of the lytic granules at the IS secretory region is a central event for the
delivery of the CTL lethal hit. The secretion of lytic granules occurs following distinct
pathways. Rapid secretion of lytic granules upon target cell encounter can occur even in the
absence of centrosome translocation towards the IS membrane (Bertrand et al., 2013).
However, even though lytic granule secretion is swiftly triggered in CTLs by TCR
engagement as an immediate response to peptide-MHC, the polarization of the CTL lytic
machinery ensures the prolonged and confined secretion of lytic molecules towards the
target cell. Multiple studies have associated delayed or impaired centrosome reorientation
with reduced cytotoxicity (Quann et al., 2009; Tsun et al., 2011; de la Roche et al., 2013;
Jenkins et al., 2014). Of note, microtubule integrity is required for efficient cytotoxicity
(Mastrogiovanni et al., 2020). The evidence provided above suggests that the
pharmacological inhibition of PLK1 leads to the formation of a structurally aberrant IS,
which can be expected to result in defects in cytotoxicity. To test this hypothesis, we
performed a time course analysis of fluorescent calcein release by target cells induced by
either BI2536 treated or untreated CTLs (Chang et al., 2017). Consistent with our

observations, the killing capability of CTLs was impaired at every effector:target cell ratio
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(E:T) tested (Fig.20) when PLK1 kinase activity was inhibited, providing a direct proof of
a defect in CTL-mediated killing in the presence of the PLK1 inhibitor.
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Figure 20| PLK1 inhibition impairs the cytotoxic capability of CTLs.

Real-time calcein release-based killing assay. CTLs either untreated or pre-treated with BI2536 were
incubated with SAg-loaded Raji B cells at the target:CTL ratios indicated in the panel, and target
cell killing was measured every 10 minutes for 4 hours as reported in the kinetic graph (left). The
percentage of target cell death at the endpoint of the assay (4 hours) is shown on the right graph
(=3 independent experiments performed in duplicates, mean fold = SD, target cell lysis at the
highest target:CTL ratio of the control sample set at 100% of cytotoxicity, ANOVA). *P < 0.05; **P
< 0.01; ***P < 0.001; ****P < 0.0001.

Collectively, these results reveal the presence of PLK1 in the killing arsenal of CTLs through

the participation of this mitotic regulator in the process of lytic synapse assembly.

3.5 PLK1 inhibition affects microtubule architecture in CTLs

The polarized release of the lytic granule contents at the IS ensures effective CTL killing.
Despite the precise role of the centrosome during the cytotoxic response remains elusive
(Tamzalit et al., 2020), our work provides further evidence supporting the importance of
centrosome polarization in CTL-mediated killing.

Upon TCR stimulation, microtubule filaments are anchored to the pSMAC and mediate the
recruitment of the centrosome to the contact zone. Some microtubules bend at the contact

site, suggesting the presence of microtubule motor proteins anchored at the cell cortex,
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which act on microtubules to pull the MTOC towards the IS (Kuhn and Poenie, 2002).
Microtubules are large polymers composed of a/B-tubulin dimers that control intracellular
organelle distribution and trafficking (Etienne-Manneville, 2010). These components of the
cytoskeleton are endowed with an intrinsic polarity, with minus-ends anchored to the
centrosome to avoid rapid depolymerization (Li et al., 2008) and plus-ends characterized by
dynamic instability. After centrosome polarization, microtubules actively polymerize at the
IS. Interestingly, altering microtubule plus-end dynamics delays MTOC reorientation and
movement of vesicles at the IS (Martin-Cofreces et al., 2012), underling the importance of
microtubule plasticity in the establishment of a functional IS.

During the IS maturation, the microtubule network organized around the centrosome
subserves several functions, including TCR accumulation at the IS, vesicle movement for
polarized secretion and maintenance of the contact area at the T-APC interface (Kopf and
Kiermaier, 2021). Furthermore, microtubule dynamics are crucial for proper centrosome
polarization towards the IS, a mechanism that we found impaired in PLK1-inhibited CTLs.
In the light of the crucial role of PLK1 in orchestrating microtubule dynamics (Zitouni et
al., 2014), we hypothesized that the defective centrosome translocation that we detected
following PLK1 inhibition in CTLs, and hence all the related IS dysfunctions, could be
related to altered microtubule dynamics in our model. To address this point, we
investigated the microtubule cytoskeleton architecture following TCR engagement in either
BI2536-treated or untreated CTLs. To follow the microtubule organization at different time
points following TCR engagement, CTLs were plated on slides coated with anti-CD3 mAb
and fixed after 5, 15 or 30 minutes of stimulation at 37°C (Balagopalan et al., 2018).
Confocal microscopy analysis of the B-subunit of microtubule tubulin revealed that, upon
TCR engagement, control CTLs reorientate the centrosome towards the anti-CD3 mAb-
coated slides, and they show thin and copious microtubule filaments radiating from the
MTOC at all the stimulation times tested (Fig.21A, upper panel). When PLK1 activity was
inhibited, microtubules organized in thick and less numerous bundles compared to control
cells (Fig.21A, lower panel). We compared the different rearrangement of microtubules in

both conditions by measuring the ratio of the fluorescence of B-tubulin at the centrosome
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versus the entire cell, obtaining a ratio of microtubule nucleation from the MTOC. The
analysis revealed that this ratio was decreased in BI2536-treated CTLs compared to control
cells (Fig.21B), indicating that, upon TCR engagement, the nucleation of microtubules

from the centrosome is altered upon PLK1 inhibition.
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Figure 21| PLK1 inhibition impairs microtubule dynamics induced by TCR triggering in CTLs.

(A) Immunofluorescence analysis of B-tubulin in control and BI2536-treated CTLs. Cells were
plated on anti-CD3 mAb-coated slides for the indicated times. Representative images of Z-stack
projections are shown. Scale bar: 5 pm. (B) Quantification of the relative density of fluorescence of
B-tubulin at the centrosome, compared to the whole cell (15 cells/sample, n = 3; mean + SD,

ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

The alteration in microtubule nucleation following PLK1 inhibition underlies the
mechanism affecting IS assembly and cytotoxic capability of BI2536-treated CTLs. We
hypothesized that PLK1 inhibition causes an impairment in centrosome dynamics due to
defective microtubule nucleation upon TCR triggering in CTLs. Our data indicate that the
impaired nucleation of microtubules from the centrosome may affect polarized secretion
and vesicular trafficking at the IS. Accordingly, lytic granules are thought to traffic along

microtubules to polarize towards the IS (Ritter et al., 2015). Hence the thick bundles in
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which BI2536-treated CTLs organize their microtubules may impair efficient cytotoxic

granule trafficking.

The mechanisms behind the specification of the precise site of lytic granule exocytosis are
still open to debate and there are multiple models that may be complementary. In this
regard, pioneer studies demonstrated that the centrosome promotes cytotoxic specificity
by guiding lytic granules to the IS for directional secretion (Stinchcombe et al., 2006; Ritter
et al., 2015). More recent findings suggested that other mechanisms may join the CTL
killing specificity, as it was demonstrated that altered microtubule architecture impairs the
cytotoxic capability of CTLs but has no outcome on the polarization of lytic granules, the
directionality of cytolytic secretion and the specificity of target cell killing (Tamzalit et al.,
2020). This study suggested that the microtubule cytoskeleton does not completely control
the precise site of cytotoxic granule fusion and has a more determinant role in facilitating
the efficient delivery of lytic granules to the cell surface. The model is consistent with a
previous work indicating that target cell killing can occur prior to MTOC polarization
(Bertrand et al., 2013). If the microtubule cytoskeleton is not capable of determining the
precise location of granule docking and fusion alone, other factors must be considered. Lytic
granule exocytosis is known to occur at IS domains that have been depleted of F-actin,
hence becoming accessible for vesicle fusion (Rak et al., 2011; Brown et al., 2011). However,
granules do not fuse at actin-cleared regions outside the IS, implying that other factors
must be involved. In this regard, signalling lipids, namely phosphatidylinositol and
diacylglycerol, are interesting candidates. They not only orchestrate regulated secretion and
polarity in other cell types (Balla, 2013) but they also play a central role in the patterning
of architectural microdomains within the IS (Quann et al., 2009; Gawden-Bone et al., 2018).
Moreover, local Ca?* influx could also be involved, as it drives the regulated fusion at the
neuronal synapse (Siidhof, 2012).

Besides the debate on the specification of the precise site of secretion, the requirement for
microtubule cytoskeleton integrity for the capacity of CTL killing is undeniable.

Consistently, our latest findings suggest that microtubule alterations resulting from PLK1
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pharmacological inhibition affect the cytotoxic capability of CTLs. Although the mechanism
though which PLK1 activity is involved in microtubule orchestration upon TCR triggering
in CTLs requires further investigation, we hypothesize that the altered microtubule
organization that follows BI2536 treatment may account for the participation of PLK1 in IS

formation and related cytotoxic capability of CTLs.
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CONCLUSIONS AND PERSPECTIVES

The recent identification of IFT20 as a central regulator of lysosome function opened new
perspectives on its ability to control the immune response at a more global level and paved
the way to the present work. IFT20 not only indirectly promotes T cell autophagy by
regulating the MPR-dependent transport of acid hydrolases to lysosomes (Finetti et al.,
2019) but it is also directly involved in autophagosome formation in ciliated cells
(Pampliega et al., 2013) and, as reported in this thesis, in the non-ciliated T cells. Our
findings identify IFT20 as a new regulator of an early step of basal autophagy in T cells by
regulating the localization of ATG16L1 at early endosomes to promote autophagosome
biogenesis. Hence, IFT20 exerts a dual role in autophagy, directly promoting
autophagosome formation by recruiting ATG16L1 at early endosomes and indirectly
allowing for the degradation of the autolysosome contents by controlling lysosome
biogenesis (Finetti et al., 2019).

The potential outcomes related to the participation of IFT20 in lysosome biogenesis are not
limited to T cell autophagy. Indeed, CTL lytic granules are specialized secretory lysosomes
where their leading cytotoxic moieties, the granzymes, are routed through the MPR
pathway (de Saint Basile et al., 2010). We have provided evidence that IFT20 is involved in
the biogenesis of lytic granules controlling the MPR pathway also in CTLs. Consistently,
we found that, possibly as a consequence of defective MPR recycling, the contents of
granzyme B in IFT20KO CTL lytic granules was reduced compared to control. The extent
of this defect was limited, but this may be due to the presence of alternative sorting
pathways. Although the M6P pathway is the primary sorting mechanism, it is becoming
clear that alternative receptors are involved in the lysosomal sorting of some soluble
proteins. The initial evidence of the existence of alternative receptors came from studies of
immortalized cell lines of patients suffering from I-cell disease, a lysosome storage disorder
in which the lysosomal hydrolases are not modified with M6P residues. Despite that, some
soluble hydrolases normally sorted through the M6P tag can still be delivered to the

lysosomes, implying that their transport is necessarily conducted in a M6P-independent
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fashion (Rijnboutt et al., 1991). Nonetheless, the M6P-dependent pathway is still the main
cellular passageway for transporting soluble hydrolases to lysosomes and, despite the
progresses that have been made over the last decades in its characterization (Coutinho et
al., 2012), important issues remain unresolved. In particular, the itinerary followed by
lysosomal proteins after leaving the TGN, the participation of early versus late endosomes
and the contribution of different molecular machineries to both forward and retrograde
transport processes, still require to be studied. We have addressed in part this last point
and found that IFT20 is required for acid hydrolase targeting to lysosomes by orchestrating
the post-TGN sorting of the soluble cytotoxic moieties to the MPR pathway. Despite the
defect in granzyme B cargo of IFT20KO lytic granules was only partial, the concrete
relevance of this defect was demonstrated by the decreased cytotoxic capability of IFT20-
depleted CTLs.

Alterations in lysosomal compartment functionality have been linked to a compensatory
upregulation of the lysosome biogenesis program by the CLEAR gene network coordinated
by the master transcription factor TFEB (Settembre et al., 2013). Consistent with the
increased lysosomal biogenesis previously reported in IFT20-depleted T cells, we found an
accumulation of some lytic granule components in IFT20KO CTLs. The participation of
TFEB in lytic granule biogenesis was further supported by the upregulation of TFEB and
CLEAR gene network components in CTLs. We show that TFEB-overexpressing CTLs
upregulate the transcription not only of the CLEAR gene network but also of lytic granule
component genes, suggesting the interesting possibility that an expanded CLEAR gene
network regulates the biogenesis of lytic granules.

The emerging scenario is that IFT20-mediated vesicular trafficking controls crucial
processes, spanning from endosome recycling to lysosome biogenesis and T cell function.
This evidence has important implications for the development of an effective immune
response, as IFT20-deficient T cells are not only characterized by defective autophagy, but
they also show impaired activation and differentiation both in vitro and in vivo in a T cell-
specific conditional knockout mouse. The defects are partially due to the ability IFT20 to

promote the polarized recycling to the IS of endosome associated TCRs and LAT described
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in T cells (Finetti et al., 2009; Vivar et al., 2016). In this thesis we found that TCR clustering
and related pTyr enrichment at the IS following cognate peptide-MHC engagement are
impaired in IFT20-depleted CTLs, suggesting another level of implication for IFT20 in the
cytotoxic capability of CTLs that, similarly to freshly purified T cells, could involve IFT20-
related vesicular trafficking. Together, these findings identify IFT20 as a key player in T cell
homeostasis, activation, and effector functions.

The proper assembly of the IS represents a crucial event during the development of the
adaptive immunity. In the last part of the present work, we investigated the implication of
the mitotic regulator PLK1 in IS assembly. We found that PLK1 localizes at the IS and is
activated following TCR engagement in CTLs. Interestingly, our data show that the
inhibition of PLK1 activity by means of its highly selective inhibitor BI2536 (Steegmaier et
al., 2007) leads to the formation of a structurally defective IS. Indeed, TCR clustering at the
IS, as well as the translocation of the centrosome towards the T-APC contact point, were
impaired in PLK1-inhibited CTLs, and the failure of the TCR to accumulate at the cSMAC
may explain the lack of propagation of its signalling cascade. Furthermore, CTL BI2536
treatment prevented not only lytic granule polarization at the IS but also the convergence
of cytotoxic granules around the centrosome. Importantly, defects in the architecture of the
IS are associated to the impaired cytotoxic capability of BI2536-treated CTLs. Defective
CTL cytotoxic capability related to PLK1 enzymatic inhibition represents a crucial finding
for BI2536-based therapies. Indeed, the participation of PLK1 in CTL-mediated killing may
be a concurring factor in BI2536-related toxicity (Liu et al., 2017).

Finally, as the dramatic structural reorganization that characterize TCR-engaged CTLs
requires proper cytoskeleton dynamics (Mastrogiovanni et al., 2020), we hypothesized that
the defects that we observed in the assembly of the IS may be linked to the alteration in
microtubule architecture following CTL treatment with BI2536. Although this mechanism
needs to be better characterized, this work proposes PLK1 as a novel and crucial player in

the assembly of the IS and a determinant for effective killing by CTLs.
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In conclusion, our work focused on different aspects of T cell homeostasis and effector
functions, shedding light on some missing points of the physiology of one of the main

players of adaptive immunity.
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Lymphocyte homeostasis, activation and differentiation crucially rely on basal
autophagy. The fine-tuning of this process depends on autophagy-related (ATG) proteins
and their interaction with the trafficking machinery that orchestrates the membrane
rearrangements leading to autophagosome biogenesis. The underlying mechanisms
are as yet not fully understood. The intraflagellar transport (IFT) system, known for its
role in cargo transport along the axonemal microtubules of the primary cilium, has
emerged as a regulator of autophagy in ciliated cells. Growing evidence indicates that
ciliogenesis proteins participate in cilia-independent processes, including autophagy, in
the non-ciliated T cell. Here we investigate the mechanism by which IFT20, an integral
component of the IFT system, regulates basal T cell autophagy. We show that IFT20
interacts with the core autophagy protein ATG16L1 and that its CC domain is essential
for its pro-autophagic activity. We demonstrate that IFT20 is required for the association
of ATG16L1 with the Golgi complex and early endosomes, both of which have been
identified as membrane sources for phagophore elongation. This involves the ability of
IFT20 to interact with proteins that are resident at these subcellular localizations, namely
the golgin GMAP210 at the Golgi apparatus and Rab5 at early endosomes. GMAP210
depletion, while leading to a dispersion of ATG16L1 from the Golgi, did not affect basal
autophagy. Conversely, IFT20 was found to recruit ATG16L1 to early endosomes tagged
for autophagosome formation by the BECLIN 1/VPS34/Rab5 complex, which resulted in
the local accumulation of LC3. Hence IFT20 participates in autophagosome biogenesis
under basal conditions by regulating the localization of ATG16L1 at early endosomes to
promote autophagosome biogenesis. These data identify IFT20 as a new regulator of
an early step of basal autophagy in T cells.
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INTRODUCTION

Autophagy is a degradative process that subserves the dual
function of eliminating damaged macromolecules and organelles
while providing endogenous energy sources and building blocks
to maintain cellular homeostasis (Dikic and Elazar, 2018). Similar
to other cell types, T cells exploit autophagy as a quality control
and pro-survival mechanism which is essential for the long-
lasting maintenance of the naive peripheral T cell repertoire. The
roles of autophagy are, however, not limited to T cell homeostasis.
Autophagy participates in thymocyte development by sustaining
the survival of double negative thymocytes and their transition to
the double positive stage (Nedjic et al., 2008) and regulates both
positive and negative selection via the MHCII loading pathway in
thymic epithelial cells (Kasai et al., 2009). In the periphery, T cell
activation and proliferation are fine-tuned by selective autophagy
(Zaffagnini and Martens, 2016). In this context, the autophagy
cargo is initially switched from mitochondria to macromolecules
including inhibitors of T cell receptor (TCR) signaling (Hubbard
et al,, 2010; Valdor et al., 2014) and cell cycle (Jia et al,, 2015).
Subsequently, as T cells undergo differentiation, the autophagic
degradation of the NF-kB regulator Bcll0 occurs (Paul et al,
2012). Autophagy also impacts on helper and cytotoxic T cell
effectors, with Th1, Th2, and Treg cells relying on autophagy for
survival (Kovacs et al., 2012; Kabat et al., 2016; Wei et al., 2016)
and cytotoxic T lymphocytes (CTL) for their function and for
memory maintenance (Puleston et al., 2014; Xu et al., 2014).

The autophagy machinery has been extensively characterized.
Autophagy is initiated by the ULK complex, consisting
of ULK1/2, ATG13, FIP200, and ATG101, which promotes
phagophore nucleation through the class III PI3-K complex,
consisting of VPS34, VPS15, BECLIN 1, and ATGI14L. In
order to engulf the cargo, the phagophore elongates and
subsequently closes. These two steps involve the ATG12-ATG5
conjugation system, which is recruited to the phagophore by
ATGI6L. The conjugation system acts as an E3-like ligase to
promote the cleavage and lipidation of ATG8/LC3, resulting in
the phosphatidyl ethanolamine-conjugated form that binds to
the phagophore membrane. Following phagophore closure, the
resulting autophagosomes undergo dynein-dependent transport
along the microtubules to a perinuclear location, where they fuse
with lysosomes to become autolysosomes, delivering their cargo
for degradation (Dikic and Elazar, 2018). This basic process is
fine-tuned by a plethora of regulators and effectors. Among these
is the intraflagellar transport (IFT) system, a multimolecular
protein complex which controls the assembly of the primary
cilium, a signaling organelle present in the majority of vertebrate
cells (Pampliega et al., 2013; Prevo et al, 2017). Two integral
components of the IFT system, IFT20 and IFT88, have been
shown to mediate the transport of some components of the
autophagic machinery to the cilium during cell starvation, with
IFT20 binding ATG16L1 at the Golgi apparatus and shuttling it
to the base of the cilium, wherefrom it enters the cilium with the
assistance of IFT88 (Pampliega et al., 2013).

We have previously shown that, unexpectedly, IFT20 plays a
key role in the activation of the non-ciliated T cells in a complex
with other IFT components by regulating the assembly of the

immune synapse, a specialized signaling interface that forms
when a T cell encounters a cognate antigen presenting cell (Finetti
et al., 2009, 2011). This function involves the ability of IFT20 to
associate with the Golgi complex and endocytic compartments,
the primary one among the latter being the early endosome, to
control the intracellular traffic of the T cell antigen receptor and
the transmembrane adaptor linker for activation of T cells (LAT)
(Finetti et al., 2009, 2014; Vivar et al., 2016). Interestingly, we
have recently implicated IFT20 in another vesicular trafficking-
related process, the mannose-6-phosphate receptor-dependent
transport of acid hydrolases to lysosomes, on which lysosome
biogenesis and function depend (Finetti et al., 2020). Consistent
with the central role of lysosomes in autophagy, both basal and
starvation-induced autophagy are impaired in IFT20-deficient T
cells (Finetti et al., 2020). However, the implication of the IFT
system at early steps of autophagy in ciliated cells (Pampliega
et al, 2013) suggests that IFT20 could participate in T cell
autophagy also directly. Here, we show that IFT20 promotes
ATG16L1 localization to the Golgi complex and early endosomes
through its interaction with GMAP210 and Rab5, respectively.
We demonstrate that under basal conditions IFT20 participates
in autophagosome formation at early endosomes, but not at the
Golgi apparatus, by allowing for the recruitment of ATG16L1
to early endosome-associated BECLIN 1 complex, thereby
promoting local LC3-II accumulation. Our results identify IFT20
as an adaptor that targets ATG16L1 and downstream autophagy
regulators to a specific endomembrane compartment, resulting in
autophagosome biogenesis in T cells.

MATERIALS AND METHODS

Cells, Plasmids, and Transfections

Control, IFT20KD, and GMAPKD Jurkat T cell lines were
generated as previously described (Finetti et al., 2009; Galgano
et al, 2017). Jurkat T cells were stably transfected with the
pEGFP-N1 plasmid construct encoding full-length IFT20, or a
deletion mutant of IFT20 lacking aminoacid residues 73-132,
which include the coiled-coil domain (ACC IFT20), or the
respective empty vector. Stably transfected cells were selected
in G418-containing medium at the final concentration of
1 mg/ml (Gibco/Thermo Fisher Scientific, MA, United States).
Transient transfections were carried out by electroporation using
pCMV-EGFP-C3-Rab5a (kindly provided by M. Zerial), pPEGFP
2xFYVE (kindly provided by A. De Matteis), pPEGFP-N1 IFT20-
GFP, or pEGFP-N1 ACC IFT20-GFP [1 pg/l1 x 10° cells in
800 wl of OPTI-MEM (Gibco/Thermo Fisher Scientific, MA,
United States)] and analyzed 24 h post-transfection.

Cloning and Purification of Recombinant

Proteins

GFP- and GST-tagged mutants of IFT20 were generated by
cloning the sequences that encode the IFT20 N-terminus lacking
the coiled-coil domain (ACC-IFT20, aa 1-73), the IFT20
C-terminus including the coiled-coil domain (CC-IFT20, aa 74-
132), and the full-length protein (IFT20, aa 1-132) in-frame with
the tags into the pEGFP-N1 (#6085-1 Addgene) and pGEX-6P-2
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vectors (#27-4598-01 Addgene). The sequences were amplified by
PCR using the primers listed in Supplementary Table 1. The 5’-
ends of the primers were modified to add compatible restriction
sites (Xhol and Kpnl for pEGFP-N1, EcoRI and Xhol for pGEX-
6P-2) and extra base pairs that ensure efficient DNA cleavage by
restriction enzymes.

The recombinant GST fusion proteins were affinity purified
on GSH-Sepharose (GE Healthcare, Italy) from bacterial cultures
incubated with 0.25 mM isopropyl-B-D-thiogalactopyranoside
(Sigma-Aldrich) overnight at RT and lysed in B-PER Complete
Bacterial Protein Extraction Reagent (Thermo Fisher Scientific,
MA, United States) according to the manufacturers’ instructions.

Antibodies and Reagents

All primary commercial antibodies used in this manuscript are
listed in Supplementary Table 2, where information about the
dilutions used for immunoblotting and immunofluorescence is
specified. Polyclonal anti-IFT20 antibodies (Pazour et al., 2002)
were kindly provided by G. Pazour. Secondary peroxidase-
labeled antibodies were from Amersham Biosciences. Alexa Fluor
488- and 555-labeled secondary Abs were from Thermo Fisher
Scientific (anti-mouse 488, #A11001; anti-rabbit 488, #A11008;
anti-mouse 555, #A21422; and anti-rabbit 555, #A21428).
Chloroquine was purchased from Sigma-Aldrich (C6628).

Immunoprecipitation, in vitro Binding

Assays and Immunoblotting

Immunoprecipitation experiments were performed as previously
described (Finetti et al., 2020). Briefly, 5 x 107 cells/sample
were lysed in 0.5% Triton X-100 in 20 mM Tris-HCl (pH
8), 150 mM NaCl in the presence of protease inhibitors
(Sigma-Aldrich) and the phosphatase inhibitor sodium vanadate
(Sigma-Aldrich). Postnuclear supernatants (2 mg/sample) were
immunoprecipitated for 2 h at 4°C with gentle agitation
using 2 pg of rabbit anti-IFT20 antibody (#13615-1-AP,
Proteintech, United Kingdom), anti-ATG16L1 antibody (#8089,
Cell Signaling) or mouse anti-BECLIN 1 mAb (sc-48341,
Santa Cruz), and protein A-Sepharose (PAS, 3 mg/sample,
GE Healthcare, Italy), after a preclearing step on PAS (1 h,
3 mg/sample). Subsequently, all samples were washed 4X with
1 ml 0.5% Triton X-100 lysis buffer, resuspended in 15 pl
Laemmli buffer (#B0007, Life Technologies/Thermo Fisher
Scientific, MA, United States), boiled for 5 min and then
subjected to SDS-PAGE.

In vitro-binding assays were carried out using recombinant
GST, IFT20-GST, ACC IFT20-GST, or CC IFT20-GST on GSH-
Sepharose precleared postnuclear supernatants from 5 x 107
cells/sample lysed in 0.5% Triton X-100 in the presence of
protease and phosphatase inhibitors as described (Pacini et al.,
1998). The binding reaction was performed for 2 h at 4°C with
gentle agitation. Samples were washed 4X with 1 ml 0.5% Triton
X-100 lysis buffer in the presence of protease and phosphatase
inhibitors, resuspended in 15 1 Laemmli buffer, boiled for 5 min
and subjected to SDS-PAGE.

Immunoblotting was carried out using peroxidase-labeled
secondary antibodies and a chemiluminescence detection

kit (#34578, Thermo Fisher Scientific, MA, United States).
Membranes were reprobed with control antibodies after
stripping carried out using ReBlot Plus Mild Antibody Stripping
Solution, 10x (#2502, Merck Millipore, Italy). Blots were
scanned using a laser densitometer (Duoscan T2500; Agfa,
Belgium) and quantified by using Image] 1.46r (National
Institutes of Health, United States).

Immunofluorescence Microscopy and
Colocalization Analyses

For immunofluorescence analysis, Jurkat cells were allowed to
adhere for 15 min to poly-L-lysine-coated wells and then fixed
by immersion in methanol for 10 min at —20°C. Alternatively,
for LC3B labeling, Jurkat cells were incubated 10 min in 50 mM
NH4CI after fixation in 4% paraformaldehyde for 10 min at
RT, and then permeabilized in methanol for 10 min at —20°C.
Fixed and permeabilized samples were washed for 5 min in PBS
and incubated with primary antibodies overnight at 4°C, after
blocking in 5% normal goat serum and 1% BSA for 1 h. Samples
were washed for 5 min in PBS and incubated for 45 min at RT
with Alexa-Fluor- 488-, Alexa-Fluor- 555-, and Alexa-Fluor-647-
labeled secondary antibodies.

Confocal microscopy was carried out on a Zeiss LSM700 or a
TCS SP8 Confocal laser scanning microscopy (Leica, Germany)
using a 63x objective with pinholes opened to obtain 0.8 pm-
thick sections. For the analyses shown in Figures 2A, 3A,D, 4A
confocal microscopy imaging was carried out with a 0.2 Airy Unit
pinhole which allows to obtain thinner optical section (less than
0.4 pm) from a single image. Detectors were set to detect an
optimal signal below the saturation limits. Images were processed
with Zen 2009 image software (Carl Zeiss, Jena, Germany).

The quantitative colocalization analysis was performed on
median optical sections using Image] and JACoP plug-in to
determine Mander’s coefficient as previously described (Finetti
et al, 2014). The ATGI16L1 dispersion was quantified by
measuring fluorescence intensity in concentric regions using
Image]J. Circular regions were centered on the point of ATG16L1
maximal intensity and designed proportionally to the cell
size (inner circle, middle ring, and outer ring diameters,
corresponding to 1/9, 1/4.5, and 1/2.25 of cell diameter,
respectively) (Progida et al, 2010). Alternatively, ATG16L1
dispersion was measured using Image] by calculating the distance
of ATGI6L1" dots (identified using the same fluorescence
threshold in control and IFT20KD cells in each experiments)
from the centrosome (identified by pericentrin staining).

Autophagic Flux and LC3* Dot Number

Measurement

To analyze the autophagic flux, 1 x 10° cells/sample were
incubated in RPMI 1640 added with 7.5% BCS for 30 min at 37°C
in the presence or absence of 40 WM chloroquine. Subsequently,
cells were harvested and lysed in 1% Triton X-100 in 20 mM
Tris-HCl pH 8.0, 150 mM NaCl in the presence of protease
and phosphatase inhibitors, and processed for immunoblotting
with anti-LC3B antibodies. Autophagy flux was calculated as

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 634003


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Finetti et al.

IFT20 Promotes T Cell Autophagy

the difference in LC3-II levels, normalized to actin, between
chloroquine-treated and untreated cells.

The number of LC3BT vesicles was determined by
immunofluorescence microscopy. 1 x 10° cells/sample were
incubated in RPMI 1640 added with 7.5% BCS for 30 min at
37°C with or without 40 M chloroquine and allowed to adhere
to poly-L-lysine-coated wells. Subsequently, the samples were
fixed, permeabilized and stained as described above.

Membrane Fractionation

Cytosolic and membrane fractions were purified as previously
described (Finetti et al., 2014). Jurkat cells (3 x 107/sample)
were resuspended in 1 ml homogenization medium (0.25
M sucrose, 1 mM EDTA, 10 mM Tris-HCl pH 7.4) in
the presence of protease and phosphatase inhibitors. The
samples were homogenized by 10 pestle strokes through
Dounce homogenization (tight Dounce homogenizer, Wheaton,
United States) and 10 passages through a 26-gauge syringe
needle. The homogenate was centrifuged at 3,000 x g for 5 min
at 4°C to remove nuclei and the supernatant was centrifuged
at 65,000 x g for 1 h at 4°C. The supernatant (cytosolic
fraction) was collected, while the pellet (membrane fraction)
was lysed in homogenization buffer containing protease and
phosphatase inhibitors with 0.5% Triton, and centrifuged at
16,100 x g for 20 min at 4°C to eliminate insoluble material. The
same quantities of membrane protein-enriched supernatant and
cytosolic fraction were analyzed by SDS-PAGE.

Statistical Analysis

GraphPad (Prism Software) was used to calculate mean values,
standard deviation values and statistical significance. Values with
Gaussian distribution were analyzed using Student’s ¢ test (paired
or unpaired), one sample ¢ test (theoretical mean = 1) or one-way
ANOVA. Values without normal distribution were analyzed using
Mann-Withney test or Kruskal-Wallis test. A level of P < 0.05
was considered statistically significant.

RESULTS

IFT20 Interacts Constitutively With
ATG16L1in T Cells

IFT20 interacts with ATG16L1 and colocalizes with this protein
at intracellular vesicles in ciliated cells (Pampliega et al., 2013).
The evidence that T cells share common regulators of vesicular
trafficking with ciliated cells (Cassioli and Baldari, 2019) and
that IFT20 deficiency is associated to impaired autophagic
flux in T cells (Finetti et al., 2020) raises the question of
whether IFT20 may interact with ATGI6L1 also in non-
ciliated T cells to promote autophagy. To address this issue,
we performed co-immunoprecipitation experiments in Jurkat
T cells, which showed that IFT20 interacts with ATGI16L1
(Figure 1A). Consistent with this finding, IFT20 displayed partial
colocalization with ATG16L1 in Jurkat T cells, as assessed by
immunofluorescence (Figure 1B). The ability of IFT20 to interact
with ATG16L1 was confirmed by in vitro GSH-Sepharose pull-
down assays using an IFT20-GST fusion protein (Figures 1C,D).

Hence, similar to ciliated cells, IFT20 interacts with ATG16L1 in
the non-ciliated T cell.

IFT20 is a small protein containing a single coiled-coil (CC)
domain at its C-terminus (Figure 1C) that has been implicated
in its heterodimerization with other CC domain-containing
components of the IFT complex (Baker et al., 2003; Omori
et al., 2008). To map the interaction of ATGI6L1 on IFT20
we generated GST fusion proteins with the IFT20 CC domain
(amino acid residues 74-132; CC IFT20) or the full-length
protein lacking the CC domain (amino acid residues 1-73;
ACC IFT20). The GST-pull down assays showed that ATG16L1
binds to IFT20 regardless of the presence of the CC-domain
(Figure 1D). These results indicate that IFT20 interacts with
ATG16L1 mostly through a molecular determinant localized
within its unstructured region, potentially using its CC domain
to couple ATG16L1 to sites of autophagosome formation.

To investigate the role of the CC domain in basal IFT20-
dependent autophagy we generated Jurkat T cells transfectants
expressing IFT20-GFP or a deletion mutant lacking the CC
domain, fused to GFP (ACC IFT20-GFP) (Figure 1E and
Supplementary Figure 1A). A similar construct encoding the
isolated GFP-tagged CC domain was not expressed at detectable
levels, likely due to low protein stability (data not shown).
The impact of ACC IFT20 expression on the autophagic flux
was assessed by immunoblot. Cells were either untreated or
treated with chloroquine, which blocks the degradation of LC3-
II by impairing autophagosome fusion with lysosomes (Mauthe
et al., 2018). Immunoblot analysis with anti-LC3B antibodies
showed that under basal conditions the autophagic flux was
decreased in cells expressing ACC IFT20-GFP compared to
controls expressing full-length IFT20-GFP (Figure 1F). This
result was confirmed by immunofluorescence analysis of LC3T
dots, which showed a decreased autophagic flux in ACC
IFT20-GFP-expressing cells compared to controls expressing the
full-length GFP fusion protein (Figure 1G). Hence, the pro-
autophagic function of IFT20 requires its CC domain.

IFT20 Tethers ATG16L1 to Cellular

Membranes
ATGI16L1 is a cytoplasmic protein that is recruited to multiple
cellular membranes which can serve as membrane sources for
autophagosomes (Xiong et al., 2018). Although the mechanism
of ATG16L1 recruitment to membranes is not fully understood,
ATGI16L1 has been reported to interact with the autophagy
regulator FIP200 and with the phosphatidylinositol 3-phosphate
[PI(3)P]-binding protein WIPI2. Both these interactions are
functional to the association of ATGI16L1 with isolation
membranes, particularly at the endoplasmic reticulum, during
autophagosome formation. ATG16L1 also interacts with the
small GTPase Rab33 at the Golgi complex, SNX18/Rabll at
recycling endosomes, and the membrane coat protein clathrin
at the plasma membrane, wherefrom it is transferred to the
endocytic compartment (Itoh et al., 2008; Ravikumar et al., 2010;
Gammoh et al., 2013).

The association of IFT20 with the Golgi apparatus and
endocytic compartments (Finetti et al., 2009) and its ability to
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FIGURE 1 | IFT20 binds to ATG16L1 and promotes T cell autophagy through its CC domain. (A) Western blot (WB) analysis with anti-ATG16L1 antibodies of
IFT20-specific immunoprecipitates from lysates of Jurkat T cells. A preclearing control (proteins bound to Protein-A-Sepharose before the addition of primary
antibody) is included in each blot (neg ctr). The migration of molecular mass markers is indicated. The immunoblots shown are representative of at least 3
independent experiments. (B) Immunofluorescence analysis of IFT20 and ATG16L1 in Jurkat cells. Representative medial optical sections and overlay of
immunofluorescence (IF) and differential interference contrast (DIC) images are shown (IF + DIC). The graph shows the quantification (using Mander’s coefficient) of
the weighted colocalization of IFT20 and ATG16L1 in Jurkat cells. The data are expressed as mean + SD (23 cells/sample; n = 3). Scale bars: 5 um. (C) Schematic
representation of the GST fusion proteins with full-length IFT20 (IFT20-GST), or the full-length protein lacking the CC domain (ACC IFT20-GST) or the CC domain
(CC IFT20-GST). The CC domain is highlighted as a yellow box. (D) Immunoblot analysis with anti-ATG16L1 antibodies of in vitro-binding assays carried out on
post-nuclear supernatants of Jurkat cells using IFT20-GST, ACC IFT20-GST, and CC IFT20-GST fusion proteins, or GST as negative control. The Ponceau red
staining of the same filter is shown to compare the levels of fusion proteins and GST used in the assay. The immunoblot shown is representative of three
independent experiments. (E) Schematic representation of the GFP fusion protein with IFT20 (IFT20-GFP) or with the full-length protein lacking the CC domain (ACC
IFT20-GFP). The CC domain is highlighted as a yellow box. (F) Immunoblot analysis of LC3B in lysates of Jurkat cells expressing GFP, IFT20-GFP, or ACC
IFT20-GFP in the presence or absence of chloroquine (CQ, 40 wM). The migration of molecular mass markers is indicated. The graph shows the autophagic flux in
Jurkat transfectants, calculated as the difference in the levels of LC3Il/actin between CQ-treated and CQ-untreated samples (mean fold 4+ SD; one-way ANOVA;

n > 3). (G) Immunofluorescence analysis of LC3B in Jurkat cells expressing GFP, IFT20-GFP, or ACC IFT20-GFP either untreated or treated for 30 min with
chloroquine (CQ, 40 wM). The z-projection of maximum intensity and the quantification of the number of LC3* dots/cell are shown. At least 35 cells from three
independent experiments were analyzed (mean + SD; Kruskal-Wallis test). *P < 0.05; **P < 0.01; ***P < 0.0001.
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interact with ATG16L1 (Figure 1) suggest a role for IFT20 in
tethering ATG16L1 to endomembranes. To test this hypothesis
we addressed the outcome of RNAi-mediated IFT20 depletion
(IFT20KD; Supplementary Figure 1B) on the subcellular
localization of ATG16L1. Immunofluorescence analysis showed
that ATG16L1 was concentrated at a vesicular-like compartment
in control cells, as previously reported in NIH3T3 cells (Itoh et al.,
2008). The localization of ATG16L1 was altered to a significant
extent in Jurkat cells stably knocked down for IFT20 expression,
where it showed a dispersed pattern, as assessed by measuring
the distance of ATG16L17" vesicles from the centrosome as well
as by quantifying the fluorescence intensity in concentric cellular
regions from the point of maximal intensity (Figures 2A,B;
Progida et al., 2010). These results support the notion that IFT20
contributes to the vesicular localization of ATG16L1 in T cells.

To confirm this function of IFT20, the association of
ATGI16L1 with cellular membranes was addressed biochemically
by immunoblot analysis of cytosolic and membrane fractions
obtained from control and IFT20KD Jurkat cells. ATG16L1 was
detected both in cytosolic and in membrane fractions. IFT20
deficiency resulted in a decrease in the amount of ATG16L1
associated with the membrane fractions (Figure 2C), suggesting
that the loss of ATG16L1 compartmentalization observed by
immunofluorescence in IFT20KD cells results from its release
from cellular membranes to the cytosol.

To understand whether the CC domain of IFT20, which is
required for the pro-autophagic function of IFT20 (Figures 1F,G)
but not for ATG16L1 binding (Figure 1D), affects the subcellular
localization of ATG16L1, we carried out an immunofluorescence
analysis of ATG16L1 in Jurkat T cells expressing IFT20-GFP or
the ACC IFT20-GFP mutant (Figure 1E and Supplementary
Figure 1A). At variance with IFT20-GFP, which did not elicit
any detectable effect, the absence of the CC domain resulted in
a complete loss of the vesicular pattern of ATG16L1 (Figure 2D),
similar to that observed in IFT20KD cells (Figures 2A,B).
The alteration in the subcellular localization of ATGI6L1 was
paralleled by a diffuse staining throughout the cell of ACC
IFT20-GFP, with only the centrosomal localization remaining
unaffected (Figure 2E). This suggests that ACC IFT20-GFP
acts in a dominant negative fashion to prevent the interaction
of endogenous, membrane-associated IFT20 with ATGI16L1.
Importantly, the defect in ATG16L1 localization observed in
IFT20KD cells was rescued by restoring IFT20 expression, while
ACC-IFT20 was unable to correct this defect (Figure 2F and
Supplementary Figure 1C). Hence IFT20 mediates the vesicular
localization of ATGI16L1 in T cells and this function maps
to its CC domain.

IFT20 Is Required for the Association of
ATG16L1 With the Golgi Apparatus

To identify the membrane compartment ATGI6L1 associates
with in T cells, we carried out a colocalization analysis of
ATGI16L1 with the Golgi complex, one of the most IFT20-
enriched subcellular compartments (Follit et al., 2006; Finetti
et al, 2009). A decrease in the colocalization of ATGI6L1
with the Golgi marker giantin was observed in IFT20KD cells

compared to controls (Figure 3A), implicating IFT20 in the Golgi
localization of ATG16L1.

IFT20 is known to associate with the Golgi apparatus through
its interaction with the golgin GMAP210 (Follit et al., 2008).
This interaction is mediated by the CC domain of GMAP210
(Follit et al., 2008; Zucchetti et al., 2019). To understand
whether the IFT20-dependent association of ATG16L1 with the
Golgi is mediated by GMAP210 we analyzed the subcellular
localization of ATGI6L1 in Jurkat cells knocked down for
GMAP210 expression by RNA interference (Supplementary
Figure 1D). Similar to IFT20KD cells, GMAP210KD cells showed
a dispersed pattern of ATGI16L1 staining, with a decrease
in its association with the Golgi apparatus (Figures 3B,C).
This was paralleled by a loss of IFT20 co-localization with
the Golgi (Figure 3D), consistent with the ability of IFT20
to interact with GMAP210 in T cells (Galgano et al, 2017;
Zucchetti et al., 2019).

To map the GMAP210 binding site on IFT20 we carried out
pull-down assays using the IFT20-GST, ACCIFT20-GST, and CC
IFT20-GST fusion proteins (Figure 1C). As expected, GMAP210
was found to interact with full-length IFT20 (Figure 3E). The CC
domain of IFT20 was largely responsible for this interaction, as
shown by the preferential binding to GMAP210 to the isolated
CC domain compared to the fusion protein lacking the CC
domain (Figure 3E). Consistent with this finding, the CC domain
of IFT20 was essential for its association with the Golgi apparatus,
as assessed in Jurkat cell transfectants expressing ACC IFT20-
GFP (Figure 3F).

The Golgi apparatus has been identified as a source of
autophagosomal membranes, contributing to phagophore
elongation through ATGI16L1 recruitment (Itoh et al,
2008; Staiano and Zappa, 2019). To understand whether
the GMAP210-dependent, IFT20-mediated recruitment of
ATGI16L1 to the Golgi is implicated in the pro-autophagic
function of IFT20 we measured the autophagic flux in
GMAP210KD cells. Remarkably, GMAP210 deficiency did
not impair basal autophagy, as assessed both by immunoblot and
by immunofluorescence analysis of LC3 (Figures 3G,H). Hence,
while IFT20 couples ATG16L1 to the Golgi in T cells through its
CC domain-dependent interaction with GMAP210, the resulting
Golgi association of ATG16L1 does not lead to autophagosome
formation. Accordingly, the recruitment of BECLIN 1 to
the Golgi complex is minimal in Jurkat cells, as assessed by
immunofluorescence analysis of the colocalization of BECLIN 1
with the cis-Golgi marker GM130 (Supplementary Figure 2).

IFT20 Is Required for the Association of

ATG16L1 With Early Endosomes

In T cells IFT20 is associated not only with the Golgi
apparatus, but also with other endomembrane compartments,
a major one being early endosomes, where it interacts
with Rab5 (Finetti et al., 2014). Of relevance, Rab5 is a
component of the macromolecular complex containing BECLIN
1 and the class III phosphatidylinositol-3 kinase VPS34 that
regulates autophagosome formation (Ravikumar et al., 2008). An
association of ATG16L1 with both early and recycling endosomes
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FIGURE 2 | IFT20 regulates the intracellular localization of ATG16L1. (A,B) Immunofluorescence analysis of ATG16L1 and the centrosomal protein pericentrin in
control (ctr) and IFT20KD Jurkat cells. Representative medial optical sections and overlay of immunofluorescence and DIC images are shown (IF + DIC). Scale bars:
5 wm. (A) The graph shows the quantification of the distance of ATG16L17" vesicles from the centrosome (mean + SD, 21 cells; n = 3; Student’s t-test).
(B) Histogram showing the quantification of fluorescence intensity in the concentric regions indicated in the scheme and defined from the point of ATG16L1 maximal
intensity (mean 4 SD, > 20 cells/sample; n = 3; Mann-Whitney test). (C) Immunoblot analysis of ATG16L1 in cytosolic (C) and membrane (M) fractions purified from
control and IFT20KD Jurkat cells. The cytosolic protein ERK2 and the cis-Golgi marker GM130 were used to assess the purity of cytosolic and membrane fractions,
respectively. The migration of molecular mass markers is indicated. The histogram shows the quantification of the percentage of ATG16L1 in the cellular fractions
obtained from 4 independent experiments (mean + SD; Student’s t-test). (D) Immunofluorescence analysis of ATG16L1 in GFP, IFT20-GFP, and ACC IFT20-GFP
Jurkat transfectants. The histograms show the quantification of fluorescence intensity in the concentric regions described above (mean + SD, > 25 cells/sample;
n = 3; Mann-Whitney test). (E) Quantification (using Mander’s coefficient) of the weighted colocalization of y-tubulin with GFP in medial confocal sections of
IFT20-GFP or ACC IFT20-GFP expressing Jurkat cells (mean + SD; > 20 cells/line; n = 3). Representative images (medial optical sections and overlay DIC + IF) are
shown. Scale bar: 5 wm. (F) Immunofluorescence analysis of ATG16L1 in control and IFT20KD cells transiently transfected with either empty vector (GFP), or the
IFT20-GFP construct or the ACC IFT20-GFP construct. The graph shows the quantification of fluorescence intensity in the concentric regions described above
(mean + SD, > 25 cells/sample; n = 3; Mann-Whitney test). *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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sections and overlay of immunofluorescence (IF) and differential interference contrast (DIC) images are shown (IF + DIC). The graph shows the quantification (using
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n = 3; Mann-Whitney test). Scale bars: 5 um. (E) Immunoblot analysis with anti-GMAP210 antibodies of in vitro-binding assays carried out on post-nuclear
supernatants of Jurkat cells using IFT20-GST, ACC IFT20-GST and CC IFT20-GST fusion proteins, or GST as negative control. The Ponceau red staining of the
same filter is shown to compare the levels of fusion proteins and GST used in the assay. The immunoblot shown is representative of three independent experiments.
(F) Quantification (using Mander’s coefficient) of the weighted colocalization of the cis-Golgi marker GM130 with GFP in medial confocal sections of IFT20-GFP or
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(mean + SD; Kruskal-Wallis test). **P < 0.01; **P < 0.001; ***P < 0.0001.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2021 | Volume 9 | Article 634003


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Finetti et al. IFT20 Promotes T Cell Autophagy

A Rab5  ATG16L1 DIC+F ! B
- — Rl = neg ctr ATG16L1 IP

ctr

| Q Y
06{ o /&Q.l. &,‘9'1'
&« &«

25— W—

ATG16L1/Rab5
colocalization
o
B
L

0.2 000 WB anti-Rab5

‘S?% T eme

ctr IFT20KD wB anti;Aj'Fa1E[1

IFT20KD

C 1.2,
¢ k.z.3 m ctr
1 m IFT20KD
0.8

9 ‘19 \) — <«—IFT20-GST

& <& 4&"’ ar- o _ACCIFT20-GST
N AV LY W <=CC IFT20-GST 0.6+
lys © < v

%- e «—GsT

26— — 20—
- .
WB anti-Rab5 Ponceau staining

0.4

0.2

relative Rab5 level

=)

GFP Rab5 merge DIC+IF F negctr ATG16L1 IP
— i Rt bk

=

-
|

IFT20-GFP
ACC IFT20-GFP

IFT20
GFP
=}
®

o
&
A,
>
<

GFP/Rab5
colocalization

GFP

75—

ACC IFT20

41 hal
O,Z_E' % WB anti-Rab5

o= @
WB anti-ATG16L1

m

1.2
ATG16L1 Rab5 » IFT20-GFP

oACC IFT20-GFP

Fkkk

—— mmIFT20-GFP
= ACC IFT20-GFP

1

°
d

0.8

IFT20
GFP

0.6

0.4

o
&l
|
relative Rab5 level

0.2

ATG16L1/Rab5
colocalization

GFP

0

ACC IFT20

FIGURE 4 | IFT20 couples ATG16L1 to early endosomes through interaction with Rab5. (A) Immunofluorescence analysis of ATG16L1 and Rab5 GFP in control and
IFT20KD Jurkat cells. Representative medial optical sections and overlay of immunofluorescence and DIC images are shown (IF + DIC). Scale bar: 5 wm. The graph
shows the quantification of the weighted colocalization (Mander’s coefficient) of ATG16L1 and the early endosome marker Rab5 in ctr and IFT20KD Jurkat cells (= 25
cells/sample, n = 3; mean + SD; Student’s t-test). (B) Immunoblot analysis with anti-Rab5 antibodies of ATG16L1-specific immunoprecipitates from lysates of
control and IFT20KD Jurkat cells. Preclearing controls are included in each blot (neg ctr). Tested proteins show comparable expression in total cell lysate from ctr and
IFT20KD Jurkat cells (Supplementary Figures 3A,B). The migration of molecular mass markers is indicated. The quantification of the relative protein expression
normalized to ATG16L1 (mean fold 4 SD; ctr value = 1) is reported for each blot (n = 3; mean + SD; Student’s t-test). (C) Immunoblot analysis with anti-Rab5
antibodies of in vitro-binding assays carried out on post-nuclear supernatants of Jurkat cells using IFT20-GST, ACC IFT20-GST, and CC IFT20-GST fusion proteins,
or GST as negative control. The Ponceau red staining of the same filter is shown to compare the levels of fusion proteins and GST used in the assay. The
immunoblot shown is representative of three independent experiments. (D) Immunofluorescence analysis of GFP and Rab5 in Jurkat cells expressing IFT20-GFP
and ACC IFT20-GFP. The graph shows the quantification using Mander’s coefficient of the weighted colocalization of GFP and Rab5 in Jurkat transfectants reported
as mean value/cell calculated on individual Rab5* dot (= 20 cells/sample, n = 3; mean + SD; Student’s t-test). (E) Immunofluorescence analysis of ATG16L1 and
Rab5 in IFT20-GFP and ACC IFT20-GFP Jurkat transfectants. The graph shows the quantification of the weighted colocalization (Mander’s coefficient) of ATG16L1
and Rab5 (> 25 cells/sample, n = 3; mean + SD; Student’s t-test) in Jurkat transfectants. Representative medial optical sections and overlay of immunofluorescence
and DIC images are shown (IF + DIC). Scale bar: 5 um. (F) Immunoblot analysis with anti-Rab5 antibodies of ATG16L1-specific immunoprecipitates from lysates of
Jurkat cells expressing IFT20-GFP or ACC IFT20-GFP. Preclearing controls are included in each blot (neg ctr). The migration of molecular mass markers is indicated.
The quantification of Rab5 levels normalized to ATG16L1 (mean fold + SD; ctr value = 1) is shown (n = 3; mean + SD; Student’s t-test). “*P < 0.01; **P < 0.001;
P < 0.0001.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 March 2021 | Volume 9 | Article 634003


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Finetti et al.

IFT20 Promotes T Cell Autophagy

has been reported in other cell types (Ravikumar et al., 2010; Puri
et al,, 2013; Fraser et al,, 2019), suggesting the possibility that
IFT20 may exploit its interaction with Rab5 to recruit ATG16L1
to early endosomes to promote autophagy.

To investigate whether ATGI6L1 associates with early
endosomes in T cells and whether IFT20 is required for its
localization, we carried out a colocalization analysis of ATG16L1
and Rab5 in control and IFT20KD T cells. Interestingly, we found
that a pool of ATG16L1 was associated with Rab5™ endosomes in
control cells, as reported for glial cells (Fraser et al., 2019). IFT20
depletion resulted in a significant decrease in the colocalization
of ATG16L1 with Rab5 (Figure 4A). Additionally, ATG16L1
was found to interact with Rab5 in co-immunoprecipitation
experiments (Figure 4B). This interaction was impaired in IFT20
KD cells (Figure 4B).

To map the interaction of IFT20 with Rab5 we carried out
pull-down assays using the IFT20-GST, CC IFT20-GST, and
ACC IFT20-GST fusion proteins (Figure 1C). Rab5 interacted
both with the GST-tagged isolated CC domain and with the
fusion protein lacking the CC domain, indicating that molecular
determinants mapping to different parts of IFT20 contribute
to its ability to bind Rab5 (Figure 4C). Interestingly, the CC
domain of IFT20 was found to be required for its association
with early endosomes, as assessed in Jurkat cell transfectants
expressing ACC IFT20-GFP and stained for Rab5 (Figure 4D).
Additionally, ATG16L1 co-localization and interaction with Rab5
was compromised in these cells (Figures 4E,F). These results
indicate that, by interacting with Rab5 and ATG16L1 using both
its unstructured portion and its CC domain, IFT20 promotes the
association of ATG16L1 with early endosomes.

IFT20 Is Required for the Interaction of

ATG16L1 With Autophagy Regulators

The autophagy regulator BECLIN 1 assists the localization
of ATGI6LI to the sites of autophagosome formation both
indirectly and directly. BECLIN 1 forms a complex with VPS34,
which induces a local increase in PI(3)P at the isolation
membrane (Funderburk et al, 2010), leading to ATGI16L1
recruitment through binding to the PI(3)P-binding adaptor
WIPI2 (Dooley et al.,, 2014). Additionally, ATG16L1 interacts
with BECLIN 1 in a complex that includes the gap junction
protein connexin 43 (Bejarano et al, 2014). Compartment-
specific interactors, such as Rab5 for early endosomes in HeLa
cells (Ravikumar et al., 2008; Otomo et al., 2011), promote local
autophagosome formation by recruiting BECLIN 1.

The finding that IFT20 is required for the association of
ATGI16L1 with membrane compartments in T cells raises the
question of whether IFT20 is implicated in the formation of the
autophagy-regulating complexes in which ATG16L1 participates.
Since the IFT20-dependent recruitment of ATGI16L1 to the
Golgi apparatus does not appear to contribute to its pro-
autophagic function in T cells (Figures 3G,H), we focused
on early endosomes. In particular, we addressed the role of
IFT20 in the interaction of ATG16L1 with BECLIN 1 at this
membrane compartment. Similar to other cell types (Bejarano
et al., 2014), ATG16L1 was found to co-immunoprecipitate and

co-localize with BECLIN 1 in T cells. This association was
impaired in IFT20KD T cells (Figures 5A,B). Conversely, IFT20
deficiency did not affect the ability of ATG16L1 to interact with
its downstream autophagy-regulating partner ATGS5 (Figure 5C),
which is covalently bound to ATG12 (Mizushima et al., 1998).
Additionally, neither the interaction of BECLIN 1 with Rab5
(Figure 5D) nor their co-localization (Figure 5E) were affected
by IFT20 deficiency. Accordingly, PI(3)P production at early
endosomes was comparable to controls in IFT20KD cells, as
assessed by quantifying the co-localization of Rab5 with GFP in
cells transiently transfected with a GFP-tagged reporter construct
encoding the tandem FYVE domains of hepatocyte growth
factor-regulated tyrosine kinase substrate, which specifically
interacts with PI(3)P (Figure 5F). Together, these results suggest
that IFT20 is required for the recruitment of the ATGI16L1-
ATG5-ATGI12 complex to early endosomes that have been tagged
for autophagosome formation by Rab5-associated BECLIN 1.

ATGI16L1 is involved in determining the site of LC3 lipidation,
functioning as a scaffold to recruit the ATG12-ATG5 conjugating
enzyme and LC3 to allow for the transfer reaction of LC3
from ATG3 to phosphatidylethanolamine at the phagophore
membrane (Hanada et al., 2007; Fujita et al., 2008). The potential
impact of IFT20 depletion on the ability of ATG16L1 to interact
with LC3 was assessed in co-immunoprecipitation experiments.
ATGI16L1 was found to co-immunoprecipitate with LC3-I
(Figure 6A). This suggests that the pool of ATG16L1 recruited to
early endosomes by IFT20 might in turn recruit LC3-I to promote
its local cleavage and lipidation to LC3-II. In support of this
notion, the interaction of ATG16L1 with LC3-I was significantly
impaired in IFT20-deficient T cells (Figure 6A). To further
address this issue cells were co-stained for LC3 and ATG16L1.
IFT20 deficiency resulted in a decrease in the co-localization of
ATG16L1 with LC3™ dots (Figure 6B). As previously reported,
the number of LC3" dots was higher in IFT20KD cells due
to their impaired ability to clear autolysosomes (Finetti et al.,
2020). Importantly, a decrease in the co-localization of LC3 with
Rab5 was also observed under these conditions (Figure 6C).
Taken together, these results indicate that IFT20 participates in
autophagosome formation by targeting ATG16L1 and its partners
ATG5-ATGI12 to Rab5" and BECLIN-17T vesicles, allowing for
the recruitment of LC3 to promote the local generation of
isolation membranes at early endosomes.

DISCUSSION

We have previously reported that IFT20 indirectly promotes
T cell autophagy by regulating the mannose-6-P receptor-
dependent transport of acid hydrolases to lysosomes (Finetti
etal., 2020). Based on the implication of IFT20 in autophagosome
formation in ciliated cells (Pampliega et al., 2013), here we
investigated the potential direct implication of IFT20 in this
process in the non-ciliated T cell. We show that, under
basal conditions, IFT20 interacts with the autophagy regulator
ATGI16L1 and recruits it to both the Golgi apparatus and
early endosomes. For this function IFT20 exploits its CC
domain to bind the golgin GMAP210 at the Golgi, and
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FIGURE 5 | IFT20 recruits ATG16L1 to early endosomes tagged for autophagosome formation. (A) Immunoblot analysis with BECLIN 1 antibodies of
ATG16L1-specific immunoprecipitates from lysates of control and IFT20KD Jurkat cells. Preclearing controls are included in each blot (neg ctr). Tested proteins show
comparable expression in total cell lysate from ctr and IFT20KD Jurkat cells (Supplementary Figures 3A,C). The migration of molecular mass markers is indicated.
The gquantification of the relative protein expression normalized to ATG16L1 (mean fold 4 SD; ctr value = 1) is reported for each blot (n = 3; mean + SD; Student’s
t-test). (B) Quantification (using Mander’s coefficient) of the weighted colocalization of ATG16L1 with BECLIN 1 in medial confocal sections of control and IFT20KD
Jurkat cells (mean + SD; > 30 cells/line; n = 3; Mann-Whitney test). Representative images (medial optical sections and overlay DIC + IF) are shown. Scale bar: 5
pwm. (C) Immunoblot analysis with ATG5 antibodies of ATG16L1-specific immunoprecipitates from lysates of control and IFT20KD Jurkat cells. Preclearing controls
are included in each blot (neg ctr). Tested proteins show comparable expression in total cell lysate from ctr and IFT20KD Jurkat cells (Supplementary

Figures 3A,D). The migration of molecular mass markers is indicated. The quantification of the relative protein expression normalized to ATG16L1 (mean fold + SD;
ctr value = 1) is reported for each blot (7 = 3; mean + SD). (D) Immunoblot analysis with Rab5 antibodies of BECLIN 1-specific immunoprecipitates from lysates of
control and IFT20KD Jurkat cells. Preclearing controls are included in each blot (neg ctr). Tested proteins show comparable expression in total cell lysate from ctr and
IFT20KD Jurkat cells (Supplementary Figures 3B,C). The migration of molecular mass markers is indicated. The quantification of the relative protein expression
normalized to ATG16L1 (mean fold 4 SD; ctr value = 1) is reported for each blot (1 = 3; mean + SD). (E,F) Immunofluorescence analysis of BECLIN 1 and Rab5 (E)
or FYVE-GFP and Rab5 (F) in control and IFT20KD Jurkat cells. Representative medial optical sections and overlay of immunofluorescence and DIC images are
shown (IF + DIC). Scale bar: 5 wm. The graphs show the quantification of the weighted colocalization (Mander’s coefficient) of BECLIN 1 (E) or FYVE-GFP (F) and
Rab5 in ctr and IFT20KD Jurkat cells (mean + SD; > 32 cells/line; n = 3; Mann-Whitney test). “***P < 0.0001.
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FIGURE 6 | IFT20 is required for LC3 recruitment to ATG16L1 at early endosomes. (A) Western blot analysis with anti-LC3B antibodies of ATG16L1-specific
immunoprecipitates from lysates of control and IFT20KD Jurkat cells. Preclearing controls and total cell lysates are included in each blot (neg ctr). The migration of
molecular mass markers is indicated. The quantification of the relative protein levels normalized to ATG16L1 (mean fold + SD; ctr value = 1) is shown (n = 3;

mean + SD; Student’s t-test). (B,C) Immunofluorescence analysis of ATG16L1 (B) or Rab5 (C) and LC3B in control and IFT20KD Jurkat cells. The graph shows the
quantification using Mander’s coefficient of the weighted colocalization of LC3B and ATG16L1 (B) or Rab5 (C) in ctr and IFT20KD Jurkat cells reported as mean
value/cell calculated on single dot LC3* (> 25 cells/sample, n = 3; mean 4 SD; Mann-Whitney test). Representative images (medial optical sections and the overlay
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molecular determinants mapping to both the CC domain and
the unstructured domain to bind the small GTPase Rab5
at early endosomes. We provide evidence that the IFT20-
dependent ATG16L1 localization to early endosomes, but not
to the Golgi apparatus, results in the local formation of
autophagosomes downstream of BECLIN 1 recruitment and
PI(3)P production. The results highlight a dual role of IFT20 in
basal T cell autophagy.

IFT20 has been previously demonstrated to regulate both basal
and starvation-induced autophagy in ciliated cells (Pampliega
et al, 2013). Our data, implicating IFT20 in basal T cell
autophagy, underscore the notion that the ciliogenesis machinery
is exploited by the non-ciliated T cell beyond immune
synapse assembly. In support of this notion, we have recently
demonstrated that IFT20 participates in lysosome biogenesis, a
function that we found to be shared by ciliated cells (Finetti et al.,
2020). The autophagy-related mechanism appears, however, to
differ, at least in part. In ciliated cells the IFT system is
required for the transport of autophagy regulators - including
VPS34, ATG14, ATGI16L1, and ATG7 - to the base of the
cilium (Pampliega et al., 2013). Additionally, IFT20 co-localizes
with ATG16L1 at small Golgi-proximal vesicles that undergo
trafficking to the cilium upon cell starvation, independently
of other components of the IFT system (Pampliega et al.,
2013). Here we show that IFT20 co-localizes with ATG16L1 at
the Golgi apparatus. Additionally, the IFT20-dependent Golgi
localization of ATG16L1 does not appear relevant to the pro-
autophagic function of IFT20, at least under basal conditions.
Indeed, untethering IFT20 from the Golgi through depletion
of its interactor GMAP210 did not compromize autophagy,

despite the dissipation of ATG16L1 away from the Golgi. The
Golgi apparatus has been identified as one of the membrane
sources for phagophore elongation in other cell types, with
ATGI16L1 promoting the local recruitment and lipidation of
LC3 (Fujita et al.,, 2008; Davis et al., 2017). Our data suggest
that other ATG16L1 pools, recruited to the Golgi apparatus
by alternative interactors, such as Rab33 (Itoh et al, 2008),
might contribute to the local formation of autophagosomes.
However, we have detected minimal co-localization of BECLIN
1 with the Golgi in T cells. As an alternative possibility, Golgi-
associated ATG16L1 may play autophagy-independent functions
in these cells, as recently reported in Dictyostelium discoideum
(Karow et al., 2020).

We found that, as opposed to the Golgi, early endosomes are
sites of autophagosome formation in T cells, as shown by the
local accumulation of BECLIN 1, PI(3)P, ATG16L1, and LC3.
Interestingly, while IFT20 appears dispensable for the association
of a functional class III PI3-K complex with early endosomes,
it is essential for the recruitment of ATG16L1 to this location.
PI(3)P is known to promote the WIPI2-dependent association
of ATG16L1 with sites of autophagosome formation (Dooley
et al., 2014). However, additional interactors participate in its
targeting to specific membrane compartments, including Rab33
at the Golgi apparatus, SNX18/Rab11 at recycling endosomes and
clathrin at the plasma membrane (Itoh et al., 2008; Ravikumar
et al., 2010; Kneaevelsrud et al., 2013; Puri et al., 2013). Here we
identify Rab5 as an early endosome-specific binding partner of
ATGI6L1 in T cells, which may account for the association of
ATGI16L1 with early endosomes reported for other cell types
(Fraser et al., 2019). Of note, Rab5 participates in a complex
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with BECLIN 1 and VPS34 (Ravikumar et al., 2008). Our results
implicate Rab5 not only in marking early endosomes as sites of
autophagosome formation by promoting the VPS34-dependent
production of PI(3)P, but also in assisting the subsequent
recruitment and/or stabilization of ATG16L1 at these sites using
IFT20 as an adaptor.

Our data provide evidence that the association of IFT20
with both the Golgi apparatus and early endosomes is mediated
by compartment-specific interactors, namely GMAP210, as
previously reported (Follit et al., 2008) and Rab5, respectively.
Both these interactions map to the CC domain of IFT20, as shown
both in pull-down assays and by co-localization analysis of cells
expressing an IFT20 deletion mutant lacking the CC domain.
The site of interaction of IFT20 on GMAP210 has been mapped
to the CC domain of the latter (Follit et al., 2008; Zucchetti
etal., 2019). Hence GMAP210 and IFT20 heterodimerize through
their respective CC domain, consistent with the function of CC
domains in establishing protein-protein interactions (Mason and
Arndt, 2004). IFT20 exploits its CC domain to also interact with
Rab5, however, the pull-down assays with the GST-tagged IFT20
construct lacking the CC domain show that the unstructured
domain also binds Rab5, indicating the cooperation of multiple
molecular determinants of IFT20 in this interaction. Of note,
at variance with its compartment-specific binding partners, the
interaction of IFT20 with ATG16L1 is CC domain-independent
and maps to the unstructured N-terminal portion of the protein.
While the only protein-protein interaction domain of IFT20 is
its CC domain, which is used for binding IFT54 and IFT57
within the IFT complex (Baker et al., 2003; Omori et al., 2008),
IFT20 is able to recognize and bind a number of proteins at
the Golgi apparatus for sorting and targeting to the ciliary
membrane, as exemplified by rhodopsin, opsin, and polycystin-
2 (Follit et al., 2006; Keady et al., 2011). Hence, similar to
these interactors, ATG16L1 might bind directly or indirectly
to a molecular determinant within the IFT20 N-terminus that
remains to be identified.

Longevity is a key feature of both naive and memory T
cells as it ensures the maintenance of the immune repertoire
as well as long-lasting protection from pathogens toward which
the organism has mounted an effective immune response. Basal
autophagy is one of the main mechanisms that underlie this
extended T cell survival (Pua et al., 2007; Kovacs et al., 2012; Xu
etal,, 2014). Our finding of a dual role of IFT20 in autophagy, i.e.,
promoting autophagosome formation by recruiting ATG16L1
at early endosomes, and allowing for the degradation of
the autolysosome contents by controlling lysosome biogenesis
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