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Summary

3. Summary

Cancer remains the second leading cause of death globally, mantaining its position as a major
focus of biomedical research. Although significant progress has been made n understanding
tumour biology and expanding therapeutic options, therapy resistance and poor survival
outcomes continue to pose major clinical challenges. Therefore, there is still a growing need to
identify novel targets that reduce resistance potential while simultancously addressing multip le

cancer hallmarks.

In the last decade, the endolysosomal system has gained attention for its role in supporting key
oncogenic processes. In particular, lysosomal cation channels such as Two-Pore Channel 2
(TPC2) and Transient Receptor Potential Mucolipin 1 (TRPMLI1) have emerged as promising
therapeutic candidates, as cancer cells co-opt their functions to drive proliferation, migration,
and drug resistance. However, a direct comparative analysis of TPC2 and TRPMLI1 within the
same experimental framework has been missing. To address this gap, we systematically
compared the roles of TPC2 and TRPML1 in regulating cancer proliferation, migration, and
mmune evasion, with the aim of delineating their channel-specific contributions to cancer

progression.

In our first study (manuscript I, J. Biol Chem., 300(1) 105581), we aimed to elucidate the
functional role of TRPMLI in cancer cell migration, with a specific focus on its regulatory
mteractions with mtracellular trafficking machinery. Previous studies have highlighted the
mechanism behind on how TPC2 regulated cancer migration in hepatocellular carcinoma
(HCC) and melanoma. While TRPMLI has been previously linked regulate autophagy and
mitochondrial respiration in cancer cells, its mechanistic contribution to migration processes
and adhesion molecule trafficking remained largely underexplored. Here, we demonstrated that
loss of TRPMLI results in significant reduction of migration capacities in HCC, melanoma and
breast cancer by impairment of E-cadherin and Pl-integrin trafficking. Both of which are
critical adhesion receptors involved i the regulation of epithelial integrity and cell motility.
Using a combination of immunofluorescence, live-cell imaging, and functional assays, we
found that these trafficking defects stem from impaired endosomal transport, particularly
mvolving the small GTPases Rab5 and Rab11. In most cell lines a knockout (KO) of TRPML1
led to a reduction in Rabll* recycling endosome activity, which delayed the recycling of E-
cadherin to the plasma membrane. In MDA-MB-231 cells a reduction i Rab5* early

endosomes, impaired mitial endocytic trafficking of adhesion molecules.
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We then followed up with a study (manuscript II, Nature Communications, 15:10008), which
focussed on mvestigating the molecular mechanisms by which TPC2 regulates melanoma
progression. While TPC2 has been implicated in tumour cell migration and proliferation, the
upstream regulators and signalling cascades through which it exerts its effects n melanoma
remained unclear. We demonstrated that Rab7 functions as a potent enhancer of TPC2 activity.
Using endolysosomal patch-clamp electrophysiology, we found that overexpression of Rab7,
particularly its constitutively active mutant Rab7aQ07L significantly increased TPC2 channel
activity, independent of the activating ligand. Conversely, TPC2 loss could not be functionally
rescued by Rab7 overexpression, indicating that Rab7 acts upstream of TPC2, serving as a
functional “effector” that promotes TPC2-mediated calcium signalling. Importantly, we
identified that the Rab7/TPC2 signalling axis regulates melanoma cell proliferation, tumour
growth in vivo and migration via modulation of the Wnt pathway. Loss of TPC2 led to
upregulation of the Wnt antagonist Dkk3, accompanied by a marked downregulation of Wnt
target genes, such as Axin2 and Lefl, both at transcriptional and protein levels. These
transcriptional changes were associated with impaired tumour cell proliferation and motility,
indicating a disruption of canonical Wnt signalling. Our proteomic analysis further supported
this, revealing downregulation of Wnt-related protems i TPC2-deficient melanoma cells. To
validate the clinical relevance of our findings, we also analysed healthy human tissue and tissue
from melanoma metastasis, confrming Rab7 and MITF as highly expressed in malignant tissue,
underscoring the translational potential of targeting the Rab7-TPC2-MITF-Wnt axis in

melanoma therapy.

Following upon these findings (manuscript II, Nature Communications, 15:10008), we
focused on the CCZ1-MONIla/b—RMC1 complex, the only known guanine nucleotide
exchange factor (GEF) for RAB7a, to mvestigate its role in TPC2 regulation (manuscript III,
submitted). To assess whether this complex is required for RAB7a-mediated modulation of
TPC2, we generated CCZ1 KO cell lines n both HEK293 and Skmel-5 cells. We show that loss
of CCZ1 disrupts the interaction between RAB7a and TPC2 and abolishes TPC2 activation,
even in the presence of a constitutively active Rab7aQ%7L mutant. This suggests that CCZ1 is
necessary for RAB7a-dependent regulation of TPC2 through a mechanism that does not rely on
its GEF activity. Interestingly, CCZ1 KO alone led to a constitutive increase in TPC2 currents,
reaching levels comparable to those seen with RAB7a activation in wild-type (WT) cells. In
melanoma cells, this enhanced TPC2 activity was associated with increased migratory capacity.

Stimulation with the TPC2 agonist TPC2-Al-P further elevated migration, with CCZ1 KO +
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TPC2-Al1-P cells showing greater motility than both WT and WT + TPC2-A1-P conditions.
Consistent with previous reports (manuscript II, Nature Communications, 15:10008),
pharmacological mhibition of TPC2 significantly reduced migration across all conditions,
confrming that the observed pro-migratory effects are TPC2-dependent. Together, these
findings identify CCZI as anegative regulator of TPC2 and reveal a novel mechanism by which

it influences cancer cell migration.

Building on the foundation of our review article (manuscript IV, Frontiers of Immunology,
15:1389194), our focus shifted towards understanding how these channels may also contribute
to immune evasion, a critical barrier to effective cancer therapy. Given their central role in
vesicular trafficking, lysosomal function, and receptor recycling, TPCs and TRPMLs are
uniquely positioned to regulate both tumour-intrinsic growth and tumour—immune nteractions,

making them promising targets for therapeutic intervention in immune-resistant cancers.

Thus, the last work (manuscript V, under revision) focussed on elucidating the role of TPC2
on immune evasion mechanisms in HCC. In that way, we established TPC2 as a key regulator
of both tumour proliferation and immune evasion through modulation of the MHC-I/PD-L1
axis via MAPK signalling. TPC2-deficient cells exhibited a strong upregulation of MHC-I on
the cell surface and a notable reduction in PD-LI expression, both in vitro and in vivo. These
changes rendered HCC tumour cells more visible to the immune system and enhanced CD8* T
cel-mediated cytotoxicity, asconfirmed by increased CD8a infiltration into tumour site, as well
as increased IFN-yproduction in co-culture assays. Mechanistically, these immmune effects were
linked to impaired of MAPK signalling, which is known to regulate antigen presentation
pathways and proliferation in HCC. To determine the specificity of'these findings, we compared
the effects of TPC2 KO with TRPML1 KO. In contrast to TPC2, TRPML1 KO had no
significant impact on tumour size reduction. Moreover, no influence on MHC-I or PD-L1
expression was observed, nor did it enhance CD8* T cell responses, underscoring the distinct

and immune-specific role of TPC2 in promoting immune escape.
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Figure 1: Summary of all manuscripts. TRPMLI activity has been shown to modulate cancer migration and
invasion by impairing E-Cadherin and B-integrin trafficking via p38-feedbackloop in multiple cancer cell lines.
Here we show that TPC2 activity can directly be enhanced through Rab7. This Rab7-mediated activity
enhancement relies on the presence of CCZ1. Without CCZ1 no Rab7-mediated activation can be detected. We
have shown that TPC2 regulates cancer proliferation in a cancertype dependant manner, sustaining several cancer
hallmarks: promoting migration, invasion, proliferation. Also, in HCC TPC2 promotes immune evasion and cancer

metabolism. Created with BioRender.

Taken together, our findings delineate the distinct but complementary roles of the lysosomal
calcum channels TPC2 and TRPMLI in cancer biology. While both channels contribute to
tumour progression, our data show that TRPMLI1 primarily regulates cancer cell migration
through modulation of adhesion molecule recycling and trafficking, without significantly
affecting immune evasion. TPC2, on the other hand, not only reduces cancer cell migration
upon loss of function, but also impairs proliferation, invasion, metastasis, and glycolytic
activity, demonstrating a broader influence on tumour progression. Additionally, TPC2
uniquely governs immune escape mechanisms by modulating MHC-I and PD-L1 expression,
thereby shaping the tumour’s visibility to cytotoxic T cells. Therefore, TPC2 represents a more
promising and versatile therapeutic target than TRPMLI, with the potential to simultaneously
disrupt tumour growth and enhance anti-tumour immune responses.
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4. Introduction

4.1. Cancer as global health risk

Cancer remains a major global health burden, accounting for nearly one in six deaths
worldwide and represents a leading cause of premature mortality across all socioeconomic
regions'-2. Despite advances in diagnostics, targeted therapies, and immuno-oncology, many
malignancies remain difficult to treat due to their biological complexity and adaptability-4.
The conceptual framework of the “hallmarks of cancer,” originally proposed by Hanahan
and Weinberg, provides a model for understanding the key traits acquired during tumour
evolution, including sustained proliferative signalling, evasion of growth suppressors,

activation of invasion and metastasis, and immune escape>-S.

Among these, uncontrolled proliferation represents a central hallmark, driven by oncogene
activation, growth factor receptor signalling, and deregulation of the cell cycle machinery’.
Cancer cells circumvent physiological constrants by producing autocrine mitogenic signals
or by hjacking downstream effectors such as the Ras/sMAPK or PI3K/AKT pathways,

leading to unchecked cell division and survival®.

Equally critical is the acquisition of migratory and invasive capabilities, which are essential
for metastatic dissemination, the principal cause of cancer-related mortality®. This transition
mvolves epithelial-mesenchymal plasticity, cytoskeletal remodelling, and the loss of
mtercellular adhesion (e.g., downregulation of E-cadherin). Concurrently, cancer cells
secrete proteolytic enzymes such as matrix metalloproteinases and cathepsins, enabling
degradation of the extracellular matrix and facilitating tissue invasion’®. To establish
metastatic niches, tumour cells must also engage mn angiogenesis, the formation of new
blood vessels, which supplies oxygen and nutrients and supports the intravasation and
extravasation of cancer cells'?. This angiogenic switch is often driven by hypoxia-induced
signalling and factors such as VEGF, and is regulated through both autocrine and stromal

mechanisms! %11,

Finally, immune evasion has emerged as a critical barrier to effective tumour eradication®.
Cancer cells can downregulate antigen presentation machinery, upregulate mnhibitory
checkpont molecules lke PD-LI, and sculpt an immunosuppressive tumour

microenvironment, thereby blunting anti-tumour immune responses!?!3.
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Together, these traits not only drive cancer progression but also create a dynamic and
resilient tumour microenvironment that complicates current therapeutic strategies.
Considering this complexity, it is crucial to identify novel, targetable regulators that
mtegrate multiple cancer hallmarks to develop more effective, multi-dimensional treatment

approaches.

4.2. Targeting the Endolysosomal System (ES) in Cancer

Since their discovery in 1955, lysosomes were long considered the cell’s “recycling bins,”
primarily responsible for degrading macromolecules such as proteins and lipids'4. However,
growing evidence has reframed this perception: lysosomes, and the broader endolysosomal
system (ES), are now understood as critical regulatory hubs essential for maintaining
cellular homeostasis, lipid metabolism, and immune defence!’. Dysfunction and mutations
within the ES have been implicated in several pathologies including neurodegeneration,

lysosomal storage diseases, infections, and different cancer hallmarks'-19,

The ES consists of various membranous compartments: early, late, and recycling
endosomes, autophagosomes, and lysosomes, whose functions are tightly coordinated?°.
Lysosomes are characterised by their acidic lumen (pH 4.5-5), sustained through vacuolar
H*-ATPases (V-ATPases) and modulated by further lysosomal membrane protems, like CI
/H" antiporter or Ca?*/H" exchanger!>-2! (Figure 2). This acidic environment is essential for
the activity of over 60 hydrolytic enzymes, and the lysosomal membrane is densely
populated with transporters and ion channels that regulate pH, ion balance, organelle fusion,
and metabolite export?*-22, These elements are vital for lysosomal function and have

emerged as promising therapeutic targets.
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Figure 2: Main lysosomal ion flux. V-ATPase pumps protons across the lysosomal membrane upon ATP
hydrolysis. TPC2 (TPC family) transports calcium and sodium into the cytosol. TRPMLI (#rp family) a non-
selective ion channel conducting outward flux CI/H' antiporter and Ca2*/H* exchanger contributing to

lysosomal pH regulations. Created with BioRender.

In cancer biology, the ES has attracted considerable attention due to its integral involve ment
in tumour progression’. Lysosomes in cancer cells differ significantly from those in non-
malignant cells. These differences include altered positioning (from permnuclear to
peripheral), enhanced enzyme expression, and increased secretion of proteases like
cathepsins, all of which contribute to extracellular matrix degradation, invasion, and
metastasis>426, Lysosomal destabilisation can also induce cell death via cytosolic release of
cathepsins, offering a therapeutic angle?’. The inhibition of lysosomal acidification has been
shown to suppress Ras- and EGFR-driven oncogenic signalling, as well as reduce cancer

cell proliferation and migration?8-2°.

Cancer cells rely heavily on lysosomal adaptation to meet theirr high metabolic demands,
particularly under conditions of limited vascularisation and nutrient availability3?. In this
context, lysosomes act not only as degradative compartments but also as nutrient-
scavenging hubs that fuel tumour growth. Lysosome-dependent cell death was once the
primary rationale for targeting lysosomes in therapy, but recent evidence indicates that
cancer cells exploit lysosomal-autophagic pathways for survival, particularly in pancreatic,
lung, breast, and prostate cancers, as well as glioblastoma and melanoma’!-32. These cancers

show upregulation of lysosomal-autophagic degradation and recycling processes to sustain

14
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energy production’?. These adaptations are largely driven by the transcription factor EB
(TFEB) and the mTORCI1 signalling axis, both central regulators of lysosomal biogenesis
and autophagy’3-*4. Autophagy itself, a process reliant on lysosomal function, is tightly
linked to carcinogenesis and therapeutic resistance®3-3¢. The mTOR pathway, commonly
activated downstream of the PI3K-AKT axis, is frequently hyperactivated in various
cancers, including HCC, glioblastoma, and melanoma3’—3°. Dysregulation of upstream
receptors (e.g., EGFR, IGF-1R) and inactivation of tumour suppressors such as PTEN
further reinforce this hyperactivation*?#!. These pathways ultimately converge on the ES,

affecting lysosomal maturation, positioning, and metabolic output.

In summary, the ES has transitioned from its traditional view as a degradative organiser
compartment to being recognised as a key regulator in oncogenic signalling and cellular
metabolism of cancer cells. Owing to its multifaceted functions and tumour-specific
adaptations, the ES emerges as a promising and strategically relevant target for the

development of future anti-cancer therapies.

4.3. Lysosomal Ion Channels TPC2 and TRPMLI1 as Cancer Modulators

The endolysosomal system plays a central role in cellular homeostasis by regulating
processes such as protein degradation, nutrient recycling, membrane trafficking, and
autophagy'®. In sustaining cancer hallmarks, lysosomal ion channels have shifted into the
spotlight as critical regulators of cancer progression, with particular attention given to two
prominent channels, TPC2 and TRPMLI, that are now central to ongoing discussions in the
field*243. Key questions arise regarding which ion channels contribute to specific cancer
hallmarks, and whether their roles are tumour-type specific or reflect broader functions in

sustaining cancer progression.

4.3.1. Two-Pore Channel 2 (TPC2)

The family of two-pore channels (TPCs) are ligand-gated ion channels, with TPC1 and
TPC2 as the two known paralogs. Both ion channels are widely expressed across tissues,
yet TPC1 is mamly found in endolysosomal organelles, and TPC2 is predominantly
expressed in lysosomes. They are key regulators of endolysosomal trafficking, membrane

dynamics, and autophagy*4~*%. Whilst there is a link from TPCI to allergic reactions,
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anaphylaxis*® and viral replication®®, TPC2 contributes to diverse pathological conditions®!,

including neurodegeneration®?-33, infectious diseases'®-34, and cancer*3.

6-TM | 6-TM Il

cytosol

Figure 3: Membrane topology of TPC2. Shown is the predicted transmembrane organization of TPC2 with

two pore-forming domains containing six transmembrane segments and an intervening pore-loop between

segment 5 and 6. Illustration according to She et al.5

Structurally, TPC2 consists of two homologous domains, each containing six
transmembrane segments (S1-S6), connected by EF-hand motifs and forming a central ion-
conducting pore. The N- and C-termini extend into the cytosoP> (Figure 3). Recent
structural analyses using cryo-electron microscopy have revealed that TPC2 exhibits a two-
fold symmetrical architecture, with channel activation mediated through ligand-induced
conformational changes, particularly at the S6 segment of the first domain’>.

Physiological activation of TPC2 occurs via direct binding of phosphatidylinositol 3,5-
bisphosphate [PI(3,5)P2] or ndirectly via nicotmic acid adenine dinucleotide phosphate
(NAADP)>>-#% (Figure 3). For NAADP to exert its effect, auxiliary proteins such as
JPT2%%-60 Lsm126!, or ASPDHO? are required. Regarding the regulation of ion flux, it has
been recognized that NAADP activation results in a release of calcium’®, while PI(3,5)P
activation leads to sodium efflux’7-63-64, Inhibition of TPC2 occurs endogenously through
ATP in a mTORC1-dependent manner® or cytosolic or lysosomal Mg>* (Figure 3). Recent
research has paved the way for several pharmacological tools to modulate TPC2 activity:
activators TPC2-A1-N and TPC2-A1-P mimic the effects of NAADP or PI(3,5)P2>7, while
inhibitors like tetrandrine®® (a bis-benzylisoquinoline alkaloid), the NAADP antagonist
Ned-1967-68 and the more selective compound SG094%%:70 block TPC2-mediated ion flux

(Figure 3).
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TPC2 has emerged as a molecule of growing interest due to its involvement in cancer
progression.*>71.72 Tt has been implicated in sustaining cancer hallmarks such as
proliferation, metabolic reprogramming, cell migration, and angiogenesis®®-73-73, Notably,
high TPC2 expression correlates with poor clinical outcomes in prostate cancer’®.
Functional studies in HCC and melanoma have demonstrated that both pharmacological
mhibition and genetic deletion of TPC2 significantly reduce cancer cell proliferation and
tumour growth in vitro and in vivo$%%°. Furthermore, TPC2 modulates PI-integrin
recycling’>, thereby influencing cell migration and invasiveness, and promotes VEGF-
induced angiogenesis through a VEGFR2/NAADP/TPC2/Ca?" signalling axis’3-’4. Besides
its role on cancer proliferation and migration, latest research has also highlighted TPC2 as
potential target in chemoresistance in leukaemia’”-78. KO of TPC2 resulted in sensitisation

of vincristine-resistant cells to weak base cytostatics and leukaemia cells to chemotherapy’8.

Taken together, these findings highlight TPC2 not only as a central regulator of
endolysosomal signalling, but also as a promising candidate for targeted cancer therapy,

particularly in tumours reliant on lysosome-driven processes for survival and progression.
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4.3.2. Transient Receptor Potential 1 (TRPMLI1)

The transient receptor potential mucolipin (TRPML) family consists of three mammalian
isoforms, TRPMLI, TRPML2, and TRPML3, localized to early, late, and recycling
endosomes as well as lysosomes”. While TRPML2 and TRPML3 are predominantly
expressed in specialized cells®-8!, TRPMLI1 is ubiquitously expressed, with highest levels

found in liver, spleen, and brain tissue'”.

cytosol
20000000000000000

000080000000000
lumen

Figure 4: Structure of TRPMLI1. Six-transmembrane proteins spanning the lysosomal membrane forming
the transmembrane domain (TMD) and canopy-like luminal linker domain between S1 and S2. Adapted from
Gan et al32 Created with BioRender.

TRPMLI is a tetrameric channel, with each subunit containing six transmembrane
domains®3. Tt is activated by PI(3,5)P2 binding to S5-S6 domains, triggering conformational
changes and channel opening®*-#>. Besides PI(3,5)P: , reactive oxygen species (ROS) and
ML-SA1 act as endogenous activator of TRPMLI in a pH-dependent manner3¢-87, while
PI(4,5)P2 and small molecules ML-SI1, ML-SI3 and EDME act as inhibitors (Figure 5)%%.
In addition to being considered the primary lysosomal calcium channel, TRPMLI is a non-
selective cation channel that has the abilty to transport sodium, ferrous iron, znc,

magnesium, and potassium ions into the cytosol’-92.

Functionally, calcum release via TRPMLI1 is proposed to regulate fission and fusion events
within the endocytic pathway and lysosomal membrane trafficking, as these processes are
calcium-dependent and disrupted in TRPMLI1 knockout cells'®23-96, Moreover, TRPML1

promotes autophagy and lysosomal biogenesis by releasing calcium from lysosomes,
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activating calcineurin, and enabling the nuclear translocation of transcription factor EB
(TFEB)’%97. Mutations in the MCOLNI1 gene, which encodes TRPMLI, cause
Mucolipidosis Type IV (MLIV)?3°8, a lysosomal storage disorder marked by
neurodevelopmental delay and vision mmpairment. TRPMLI1 deficiency has also been linked
to motor neuron degeneration, whereas its expression supports neuronal survival in

amyotrophic lateral sclerosis models®®.

Despite increasing interest, the role of TRPMLI1 in cancer remains complex and context
dependent. Loss or inhibition of TRPMLI reduces cancer cell proliferation and migration,
particularly in HRAS-driven tumours, where its expression is elevated and correlates with
poor prognosis' . In those tumours TRPMLI supports cholesterol localization at the plasma
membrane, maintaining HRAS signalling and ERK phosphorylation; its inhibition disrupts
this pathway'??. High TRPMLI1 levels are also associated with poor outcomes in
glioblastoma where knockdown impairs tumour growth, likely via disrupted mitochondrial
function and autophagy'®!. A recent study from our lab suggests that loss of TRPMLI1
function exerts its anti-cancer activity by impairing mitochondrial renewal and thereby
hampering mitochondrial function®”. In melanoma, TRPMLI promotes tumour growth
through mTORCI1 signalling and deficiency activates MAPK signalling due to impaired
lysosomal degradation of growth factor receptors, leading to protein synthesis dysregulation
and cell death!®?, Moreover, in breast cancer it has been shown that TRPMLI regulates
cancer development via mTORC'%3 and targeting TRPMLI results in elimination of cancer
stem cells via ferroptosis'®4. Also loss of TRPMLI function in breast cancer reduces
migration capacities, supporting its role in metastatic potential®®-193, Interestingly, TRPML1
is downregulated in early-stage non-small-cell lung carcinoma (NSCLC)but upregulated in
later stages'%%. This suggests a dual role, loss may contribute to early tumorigenesis through
increased genetic nstability, while upregulation i advanced stages supports tumour

metabolism and autophagic activity!%°.

Conversely, hyperactivation of TRPMLI can also exert anti-cancer effects. In glioblastoma,
TRPMLI loss correlates with worse survival, while activation triggers apoptosis, especially
under oxidative stress!®’. TRPMLI-mediated autophagy and ROS signalling appear to be
critical regulators of this balance. In neurons, TRPMLI1 takes over protective functions by
promoting autophagic clearance and thereby reducing cellular toxicity and reducing ER

stress”??.
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In summary, TRPMLI1 shows tumour-type and context-specific functions. Its impact,
whether tumour-promoting or suppressive, likely depends on the cancer type, stage, and

cellular stress environment, underscoring the need for further mechanistic exploration.

PI(3,5)P; Mg PI(3,5)P; PI(4,5)P,
d
endogenous — \ AADP ATP ROS
synthetic TPC2-A1-P SG094 ML-SA1 Mtg:;
TPC2-A1-N Ned-19 EDME

N/ N/

TPC2 TRPML1

Figure 5: Activation and inhibition of TPC2 and TRPML1. TPC2 and TRPMLI can be endogenously
activated and inhibited by the stated molecules in a direct or indirect manner. They can also be modulated by
synthetised smallmolecules. Ned-19 was described by Pitt et al.!% and EDME by Riihl etal.3® . All othersmall

molecules have been previously described by Miiller et al., Gerndt et al. or Leser etal. 57698789,

Collectively, recent studies have underscored the pivotal role of TPC2 and TRPMLI in
cancer development and tumour progression. They both contribute to several cancer
hallmarks, including cancer proliferation, resistance to apoptosis, chemoresistance, and
enhanced migration of invasive cells. Given their nvolvement in endocytosis, exocytosis,
and intracellular trafficking, this prompts the question, whether TPC2 and TRPMLI1 might

mnfluence immune evasion mechanisms in cancer cells.

4.4. Emerging Role of the ES in Immune Evasion

Besides its influence in cancer progression, the ES plays a pivotal role in immunity due to
its central function in cellular homeostasis and immune signalling!%%-110_ Tt acts as a hub for
coordinating immune responses across both the innate and adaptive branches of the immune

system!10,

In the mnnate immune system, pattern recognition receptors (PRRs), such as toll-like
receptors (TLRs) located n endosomes and lysosomes (e.g., TLRs 3, 7, 8, 9), detect
pathogen-associated molecular patterns (PAMPs), mitiating signalling cascades that
promote proinflammatory cytokine and chemokine production!!!. The ES also prevents

recognition of se-DNA/RNA by degrading host nucleic acids via DNases and
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RNases!!:112, Proper activation of TLRs requires endolysosomal processing, including
proteolytic cleavage by enzymes such as asparagine endopeptidase and cathepsins!!3. In

close interplay with nnate immunity, the ES also supports adaptive immune responses.

In adaptive immunity, endolysosomes facilitate antigen processing and presentation on
MHC-II molecules following uptake via macropinocytosis, phagocytosis, or receptor-
mediated endocytosis' 4115, These compartments function as specialised sites for peptide
loading, integrating MHC-II molecules, proteases, and chaperones!!4!15 While no single
protease is essential in vivo 116117 antigen capture via receptors like B cell immunoglobulin
allows efficient T cell activation, even at low antigen levels ''8. MHC-II-peptide complexes
formed in late endocytic compartments may reach the cell surface via vesicular transport or
direct fusion''®12%, Building on its immune-regulatory functions, the ES is increasingly

being recognised as a key modulator in cancer immunotherapy.

Cancer immunotherapy, which harnesses the immune system to target tumours, includes
approaches such as checkpomnt mhibitors, adoptive cell therapy (ACT), and cancer
vaccines'?1-125 Recent studies highlight the role of lysosomes in shaping the tumour
microenvironment (TME), offering new therapeutic opportunities'?%127. For example, a pH-
sensitive nano-adjuvant developed by Tang et al selectively altered lysosomal pH in
tumour-associated macrophages, promoting M1 polarisation and antigen presentation'28.
Lysosome-targeting chimeric molecules have shown potential in degrading key membrane

proteins like EGFR and PD-LI, enhancing immune responses!26:129,

Among these approaches, immune checkpomt therapy has emerged as one of the most
transformative developments in oncology!'3?. Despite the identification of numerous
checkpoint molecules, current therapies primarily target CTLA-4 and PD-1/PD-L1131-133,
CTLA-4, an mhibitory receptor on T cells, is upregulated upon T cell receptor (TCR)
activation and binds B7 ligands with higher affinity than CD28, thereby dampening T cell
proliferation and cytokine production 34136, During early tumourigenesis, CTLA-4
signalling can suppress anti-tumour immune responses'3’. Intriguingly, some tumours
exploit this mechanism by expressing CTLA-4 themselves, which further suppresses T cell
activaton and impairs tumour clearance!38-140. Lysosomes are central to CTLA-4
regulation, mediating its iternalisation and degradation via endocytosis and interaction
with adaptor proteins AP1 and AP2'4!-142, However, the precise mechanisms governing

CTLA-4 recycling to the plasma membrane remain unclear.
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PD-1 is another key immunosuppressive receptor, expressed on T cells, macrophages,
dendritic cells, B cells, monocytes, and NK cells during chronic antigen exposure!32143 Its
ligand, PD-L1, is broadly expressed by tumour cells, tumour-infiltrating immune cells, and
antigen-presenting cells (APCs)!32:144 T cell activation requires both antigen recognition
(via. MHC-TCR) and co-signals, either stimulatory or inhibitory'#>. Engagement of PD-1
with PD-L1 mhibits T cell function, promoting apoptosis, cytokine suppression, and antigen
tolerance, mechanisms by which tumours escape immune surveillance!46. PD-L1 is present
both on the cell surface and intracellularly, with its expression dynamically regulated
through lysosome-dependent trafficking and degradation!4’-14%, Notably, patients receiving
checkpoint inhibitors such as nivolumab (anti—PD-L1) or ipilimumab (antCTLA-4) often
develop resistance!>%-131. Emerging evidence suggests that lysosomal degradation of PD-L1
may contribute to poor immunotherapy outcomes and developed resistance, although the
underlying resistance mechanisms remain poorly understood!3?. Moreover, the autophagy
mhibitor chloroquine in combination with PD-L1 KO has been shown to augment immune

checkpoint blockade in clinical trials 132,

Given this central role in both immunity and immunotherapy, understanding the molecular
components regulating ES function is increasingly important, particularly lysosomal ion
channels. Proper function of endolysosomal compartments is essential for immune
regulation and surveillance, processes frequently hijacked during tumour progression and
immune evasion. As lysosomal function is tightly linked to the activity of ion channels such
as TRPML1 and TPC2, there is significant potential in exploring theirr roles not only in
mmune function but also in mechanisms of immune escape. TRPMLI has been shown to
be essential for the efficient exocytosis of MHC class I and II molecules to the plasma
membrane in macrophages'33. In the context of pancreatic cancer, TRPMLI-mediated
autophagy facilitates lysosomal degradation of MHC-I, contributing to reduced surface
expression and impaired CDS8* T cell-mediated anti-tumour responses'>*. Similarly, TPC2
has been implicated in regulating immune evasion through multiple pathways. It controls
mflammatory leukocyte recruitment and adhesion by modulating P-selectin trafficking, a
mechanism exploited by tumour cells to evade macrophage recognition'>>-136. Moreover,
TPC2 mhibition i bone marrow-derived macrophages (BMDMs) results in immune

suppression due to endolysosomal trapping of key components'>7.

Taken together, while emerging evidence suggests that TRPML1 and TPC2 are mvolved in

modulating processes mvolved i immune evasion, our understanding oftheir detailed roles
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remains limited. This raises important questions about how endolysosomal ion channels
may contribute to tumour mmmune escape. Given the growing icidence of resistance to
cancer immunotherapy, elucidating the roles of TRPML1 and TPC2 in immune regulation
and evasion could offer novel strategies to enhance anti-tumour immunity and overcome

therapeutic resistance.
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5. Aim of the study

The primary aim of this study was to systematically investigate the roles of the endolysosomal
calcum channels TPC2 and TRPMLI i cancer progression, with an emphasis on delineating
their distinct and shared regulatory mechanisms across different cancer types. While both
channels are known to modulate key cellular processes such as lysosomal trafficking,
autophagy, metabolism, and proliferation, a comprehensive side-by-side comparison of their
tumour-promoting functions and context-specific roles has been lacking. By mtegrating data
across HCC, melanoma, and other tumour models, this study aimed to reveal cancer-type
specific dependencies on TPC2 or TRPMLI activity. Furthermore, a particular focus was placed
on exploring the mmunomodulatory functions of TPC2, hypothesising that this channel may
contribute not only to intrinsic tumour growth but also to immune evasion mechanisms.
Through multi-omics profiling, functional assays, and in vivo studies, the work sought to
uncover whether TPC2 uniquely facilitates tumour immune escape compared to TRPMLI1, and
whether its mhibition could enhance tumour immunogenicity.

Ultimately, the study aimed to provide mechanistic msight into how TPC2 and TRPMLI1 shape
tumour progression and immune evasion mechanisms, to highlight their potential as therapeutic

targets to improve cancer therapies including cancer immunotherapy.
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6.1. Endolysosomal TRPMLI1 channel regulates cancer cell migration by altering

intracellular trafficking of E-cadherin and p1-integrin.

Lina Ouologuem®, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thomn-
Seshold, Jan Stockl, Carla Abrahamian, Thomas Frohlich, Angelika M. Vollmar,
Christian Grimm, Karin Bartel

* These authors contributed equally

2023, J. Biol. Chem., 300(1) 105581
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Graphical abstract 1: The illustration depicts the central findings and mechanistic insights of the study,
highlighting the role of TRPMLI in impairing trafficking processes and E-cadherin and B-integrin expression

levels. Graphical abstractis adapted from the original publication.

Metastasis remains responsible for approximately 90% of all cancer-related deaths.
Enhanced cellular motility and mnvasive behaviour of cancer cells represent two key
prerequisites for this process. This highlights the need to understand the cellular
mechanisms driving cancer cell dissemination and finding new targets. Our study identifies

the lysosomal calcium channel TRPMLI as a key regulator of cancer cell migration and
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adhesion, processes central to metastasis. By using a combmation of in vitro and in vivo
models across various cancer types, including hepatocellular carcinoma (RIL-175, Hep3B,
Huh7, HepG2), melanoma (SkMel-5, B16F10-luc), and breast cancer (MDA-MB-231,
SkBr3), we demonstrated that loss of TRPMLI1 function via KO or knockdown (KD)
reduces migration capacities, actin cytoskeletal organization, and cell adhesion.
Mechanistically, TRPMLI1 loss-of-function alters cytosolic calcium levels and disrupts
trafficking of E-cadherin and Bl-integrin. The impaired trafficking was associated with
defective Rabll/Rab5-mediated recycling, resulting in decreased membrane localization
of E-cadherin and Bl-integrin, and reduced focal adhesion signalling (e.g., pFAK, pSrc,
RhoA). This led to reduced adhesion and migratory capacity, as well as altered actin
polymerization. Furthermore, we also identified a link between reduced membrane-bound
E-cadherin and NF-kB phosphorylation mediated via B-catenin and p38 signalling. This
mteraction establishes an E-cadheri/NF-kB feedback loop that regulates E-cadherin
expression at the transcriptional level.

Collectively, our study positions TRPMLI as a central regulator of cancer cell migration
and trafficking, offering apotential therapeutic target to inhibit metastasis in solid tumours.
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6.2. Rab7a is an enhancer of TPC2 activity regulating melanoma progression

through modulation of the GSK3p/p-Catenin/MITF-axis.

Carla Abrahamian®*, Rachel Tang*, Rebecca Deutsch*, Lina Ouologuem*, Eva-Maria
Weiden, Veronika Kudrina, Julia Blenninger, Julia Rilling, Colin Feldmann, Solveig
Kuss, Youli Stepanov, Anna Scotto Rosato, Guadalupe T. Calvo, Maria S. Soengas,
Doris Mayr, Thomas Frohlich, Thomas Gudermann, Martin Biel, Christan Wabhl-
Schott, Cheng-Chang Chen, Karin Bartel" & Christian Grimm®*

* These authors contributed equally; *Corresponding authors

2024, Nature Communications, 15:10008
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Graphical abstract 2: The illustration represents an overview of melanoma risk factors and how a KO of

TPC2 or Rab7 results in reduced migration, tumour growth and proliferation. This graphical abstract is

adapted from the original publication.

In this study, we aimed to investigate how TPC2, a lysosomal cation channel, contributes

to melanoma progression and how its activity is regulated at the molecular level While

TPC2 has been previously linked to cancer halimarks such as proliferation, migration, and

metastasis, the upstream regulators of its activity and downstream signalling pathways

remained poorly defined. We identified Rab7a, a small GTPase nvolved in endolysosomal

trafficking, as a key enhancer of TPC2 activity. Using a combination of patch-clamp
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electrophysiology, calcum imaging, and protein interaction assays, we demonstrated that
Rab7a physically interacts with and functionally activates TPC2 n melanoma cells. This
interaction promotes endolysosomal degradation of GSK3p, preventing p-Catenin and
MITF degradation, thereby maintaining a transcriptional program that supports melanoma
cell proliferation and invasion. Our genetic and pharmacological manipulation of Rab7a
and TPC2 revealed that loss of either protein suppresses melanoma cell growth, migration,
and invasion in vitro and reduces tumour progression in vivo. Notably, re-expression of
TPC2, but not Rab7a, rescues the functional deficits in Rab7a knockout cells, suggesting
that Rab7a acts upstream of TPC2.

Overall, our findings establish Rab7a as a critical upstream modulator of TPC2 activity and
underscore the TPC2-GSK3B/B-Catenin-MITF axis as a central driver of melanoma
pathogenesis. Targeting this pathway could open new therapeutic avenues for patients with

MITF-high melanomas.
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6.3. CCZ1 is a modulator of TPC2 activity and melanoma cell migration

Zhuo Yang*, Colin Feldmann*, Lina Quologuem, Alice C. Lin, Stefanie Fenske, Stylianos
Michalakis, Karin Bartel, Michael Schéinzler, Christian Grimm, Cheng-Chang Chen®,
Christian Wahl-Schott”, and Martin Biel"

* These authors contributed equally; ™ Corresponding authors

2025, submitted to Science Advances.
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Graphical abstract 3: The figure illustrates the role of the small GTPase RAB7a in promoting melanoma
progression via activation of the endolysosomalion channel TPC2. CCZ1 is shown to be essential for enabling
RAB7a-TPC2 interaction and activity. Loss of CCZ1 disrupts this interaction yet unexpectedly results in
enhanced TPC2 activity through increased PI(3,5)P. sensitivity, ultimately promoting melanoma cell

migration.

This study builds upon our previous work (manuscript II), where we identified the small
GTPase RAB7a as a key driver of melanoma progression through its activation of the
endolysosomal cation channel TPC2. Small GTPases are activated by GEFs. The CCZ1—

MON1a/b—RMC1 complex is the only known GEF for RAB7a. To test whether this
complex is necessary for RAB7a-dependent regulation of TPC2, we generated CCZ1 KO
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n HEK293 and Skmel-5 cells. Here we show that loss of CCZ1 abolished the mteraction
between RAB7a and TPC2 and prevented activation of TPC2 currents, even with a
constitutively active Rab7aQ07L mutant. This indicates that CCZI is essential for RAB7a-
mediated modulation of TPC2 via a mechanism independent of its GEF activity. Notably,
CCZI1 KO alone led to constitutively enhanced TPC2 currents, comparable to RAB7a-
activated levels m WT cells. In melanoma cells, this mcreased TPC2 activity led to
enhanced migratory behaviour. Stimulation with TPC2-AI1P further enhanced cell
migration, with CCZI KO + TPC2-AIP cells displaying greater migratory capacity than
both WT and WT + TPC2-Al1P cells. In line with previous reports, pharmacological
mhibition of TPC2 markedly reduced migration across all conditions, confirming that the
observed pro-migratory effect is dependent on TPC2 activity. Overall, our findings identify
CCZ1 as a negative regulator of TPC2 and uncover a critical mechanism by which it

controls cancer cell migration.

Declaration of contribution: 1 contributed to this work of Zhuo Yang, Dr. Colin Feldmann, Prof.
Wahl-Schott and Prof. Martin Biel by conducting a set of experiments including qPCR analysis
and migration experiments of Skmel-5 WT and CCZ1 KO cells. I was partially involved in the
design of the study since the mnvestigated underlying mechanism is associated with my earlier

work (manuscript II).
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6.4. Endolysosomal transient receptor potential mucolipins and two-pore channels:

implications for cancer immunity.

Lina Ouologuem, Karin Bartel
2024, Frontiers of Immunology, 15:1389194 (Review article)
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Graphical abstract 4: Illustration highlighting summarising potential implications of TPC2 and TRPML1

in cancer immunity. This illustration is adapted from the original publication.

Endolysosomes play a crucial role in both cellular metabolism and immune regulation,
influencing antigen presentation, cytokine release, and immune cell activation. Two
families of endolysosomal ion channels, TRPMLs and TPCs, have emerged as critical
regulators of lysosomal function and trafficking. While both have been implicated in
sustaming multiple cancer hallmarks such as proliferation, migration, and invasion, their
role in cancer immunity remains poorly understood. This review aims to bridge the
knowledge gap by exploring their dual function in both cancer cells and immune cells, and
how they may contribute to immune evasion. We emphasize the need for further research

especially for the role of TPC2 and TRPMLI to determine whether targeting these channels
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could present a two-pronged therapeutic strategy: mhibiting cancer progression while

enhancing anti-tumour immune responses.

All the collected data suggests that TRPMLs and TPCs act as central hubs in the interface
between cancer progression and immune regulation, offering potential dual-function

targets for therapy.

This is a Review article, which serves as a bridge to the topic of the next manuscript.
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6.5. Loss of TPC2 induces tumour cell killing by CD8* T cells and directly impairs

tumour growth via the MAPK axis

Lina Ouologuem, Anna Kiibler, Sarah Ouologuem, Amar Hadzc, Jan B. Stockl, Anna

Chiara Siciliano, Stefania Forciniti, Salvatore Nigro, Helena Iuele, Valentina Onesto,

Anny Nguyen, Dana Matzek, Carla Abrahamian, Christian Grimm, Bastian Popper,
Guuseppe Gigli, Loretta L. del Mercato, Olivia M. Merkel, Thomas Frohlich, Sebastian

Theurich, Karin Bartel

2025, Frontiers of Immunology, 16:1668066.
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Graphical abstract 5: Illustration highlighting the role of TPC2 on multiple cancer hallmarks via MAPK

axis. This graphical abstractis adapted from the original publication.

Lysosomal ion channel TPC2 is increasingly recognised as pivotal regulator of cancer

proliferation, metastasis and angiogenesis, yet its specific role in tumour immunity

remained underexplored.

In our study we mvestigated the role of TPC2 mn cancer

progression, namely cancer proliferation and tumour growth, and immune evasion in HCC

and melanoma. Therefore, TPC2 was genetically knocked out usng CRISPR/Cas9 in
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human and murine cancer cell lines. All the observed effects were compared to TRPML1
KO cells, to confirm that the observed phenotypes are TPC2-specific rather than due to
general disruption of lysosomal calcium signalling. The experimental approach combined
advanced imaging techniques, high-resolution mtracellular pH sensors, in vitro assays
(proliferation, co-culture with T cells), multi-omics profiling, and in vivo tumour models.
We could observe that loss of TPC2 impaired lysosomal acidification, reduced glycolytic
capacities, significantly reduced cancer cell proliferation, and curtailed tumour growth,
especially m HCC. Mechanistically, TPC2 KO suppressed the MAPK/ERK signalling
pathway by downregulating ERK1/2 expression and translation, which in turn reduced
glycolysis and biosynthetic activity. Importantly, loss of TPC2 function TPC2 enhanced
tumour immunogenicity by increasing MHC-I surface expression and decreasing PD-L1
levels, thereby boosting CD8" T cell-mediated cytotoxicity and tumour clearance.
TRPMLI1 knockout, in contrast, had minimal or divergent effects. Also, we hypothesize
that the observed anti-tumour and pro-immunogenicity effects after TPC2 KO via
MAPK/ERK axis are cancer specific, as strong effects were observed in HCC, but not in
melanoma. These findings position TPC2 as a dual regulator of cancer cell metabolism and
mmune evasion, highlighting its therapeutic potential i sensitising tumours to
immunotherapy and inhibiting growth through MAPK axis modulation, particularly i liver

cancer.

34



Publications and Conferences

7. Publications and Conferences

7.1. List of publications

Zhuo Yang*, Colin Feldmann*, Lina Quologuem, Alice C. Lin, Stefanie Fenske, Stylianos
Michalakis, Karin Bartel, Michael Schéinzler, Christian Grimm, Cheng-Chang Chen®,
Christian Wahl-Schott”, and Martin Biel"; CCZI is a modulator of TPC2 activity and
melanoma cell migration. 2025, submitted to Science Advances. *These authors

contributed equally; * Corresponding authors.

Paul R. Palme, Shipra Grover, Rana Abdelazizz Lea Mann, Andreas M. Kany, Lina
Ouologuem, Karin Bartel, Lindsay Sonnenkalb, Norbert Reiling, Anna K. H. Hirsch, Dirk
Schnappinger, John L. Rubmnstein, Peter Imming, Adrian Richter; Design, synthesis and
biological evaluation of mono- and diamino substituted squaramide derivatives as potent
inhibitors of mycobacterial adenosine triphosphate (ATP) synthase, 2025, J. Med. Chem.,
doi: 0.1021/acs.jmedchem.5c02284.

Lina Ouologuem, Anna Kiibler, Sarah Ouologuem, Amar Hadzc, Jan B. Stockl Anna
Chiara Siciliano, Stefania Forciniti, Salvatore Nigro, Helena Iuele, Valentina Onesto, Anny
Nguyen, Dana Matzek, Carla Abrahamian, Christian Grimm, Bastian Popper, Giuseppe
Gigli, Loretta L. del Mercato, Olivia M. Merkel, Thomas Frohlich, Sebastian Theurich,
Karin Bartel; Loss of TPC2 induces tumour cell killing by CD8™ T cells and directly impairs
tumour growth via the MAPK axis, 2025, Frontiers of Immunology, 16:1668066.

Carla Abrahamian, Lina Quologuem, Rachel Tang, Thomas Frohlich, Karin Bartel &
Christian Grimm; TPC2: From Blond Hair to Melanoma? 2024, Cancers 16, 4065.

Carla Abrahamian*, Rachel Tang*, Rebecca Deutsch*, Lina Ouologuem*, Eva-Maria
Weiden, Veronkka Kudrina, Julia Blenninger, Julia Rilling, Colin Feldmann, Solveig Kuss,
Youli Stepanov, Anna Scotto Rosato, Guadalupe T. Calvo, Maria S. Soengas, Doris Mayr,
Thomas Frohlich, Thomas Gudermann, Martin Biel, Christian Wahl-Schott, Cheng-Chang
Chen, Karin Bartel" & Christian Grimm"; Rab7a is an enhancer of TPC2 activity regulating
melanoma progression through modulation of the GSK3p/p-Catenin/MITF-axis, 2024,

35



Publications and Conferences

Nature Communications, 15:10008. * These authors contributed equally; * Corresponding

authors.

Lina Ouologuem, Karin Bartel; Endolysosomal transient receptor potential mucolipins
and two-pore channels: implications for cancer immunity, 2024, Frontiers of

Immunology, 15:1389194.

Lina Ouologuem*, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-Seshold,
Jan Stockl, Carla Abrahamian, Thomas Frohlich, Angelika M. Vollmar, Christian Grimm,
Karin Bartel, Endolysosomal TRPMLI channel regulates cancer cell migration by altering
intracellular trafficking of E-cadherin and [l-integrin, 2023, J. Biol. Chem., 300(1)
105581. * These authors contributed equally.

7.2. Conferences

Oral presentations

Lina Ouologuem*, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-
Seshold, Jan Stockl, Carla Abrahamian, Thomas Frohlich, Angelika M. Volimar, Christian
Grimm, Karin Bartel; Endolysosomal TRPMLI channels regulates cancer cell migration
by altering intracellular trafficking of E-cadherm and pl-integrin, DPhG
DoktorandInnentagung, 6" of March 2024, Marburg, Germany.

Lina Ouologuem*, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-
Seshold, Jan Stockl, Carla Abrahamian, Thomas Frohlich, Angelika M. Vollmar, Christian
Grimm, Karin Bartel, Endolysosomal TRPMLI channels regulates cancer cell migration
by altering intracellular trafficking of E-cadherin and Bl-integrin, 97 Pharm-Tox Summit,
13"-15" of March 2024, Miinchen, Germany.

Poster presentations

Lina Ouologuem*, Nadmne Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-
Seshold, Jan Stockl, Carla Abrahamian, Thomas Frohlich, Angelika M. Vollmar, Christian
Grimm, Karin Bartel; Endolysosomal TRPMLI channels regulates cancer cell migration
by altering intracellular trafficking of E-cadherm and Pl-integrin, DPhG
DoktorandInnentagung, 6" of March 2024, Marburg, Germany.

36



Publications and Conferences

Lina Ouologuem, Anna Kiibler, Sarah Ouologuem, Amar Hadzc, Jan B. Stockl, Anna
Chiara Siciliano, Stefania Forciniti, Salvatore Nigro, Helena ITuele, Valentina Onesto, Anny
Nguyen, Dana Matzek, Carla Abrahamian, Christian Grimm, Bastian Popper, Giuseppe
Gigli, Loretta L. del Mercato, Olivia M. Merkel, Thomas Frohlich, Sebastian Theurich,
Karin Bartel; Loss of TPC2 induces tumour cell killing by CD8+ T cells and directly
impairs tumour growth via the MAPK axis, DPhG Jahrestagung, 30" of September 20235,

Freiburg, Germany.

37



References

8. References

1.

10.

11

12.

13.

14.

15.

16.

Sherman, R. L. ef al. Annual Report to the Nation on the Status of Cancer, featuring state-level statistics

after the onset of the COVID-19 pandemic. Cancer131,¢35833; 10.1002/cncr.35833 (2025).

Bray, F. et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA: a cancer journal for clinicians 74,229-263; 10.3322/caac.21834
(2024).

Ramos, A., Sadeghi, S. & Tabatabaeian, H. Battling Chemoresistance in Cancer: Root Causes and

Strategies to Uproot Them. International journal of molecular sciences 22;10.3390/jjms22179451 (2021).

Waldman, A. D., Fritz, J. M. & Lenardo, M. J. A guide to cancer immunotherapy: from T cell basic science
to clinical practice. Nature reviews. Immunology 20, 651-668; 10.1038/s41577-020-0306-5 (2020).

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,646-674;
10.1016/j.cell.2011.02.013 (2011).

Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer discovery 12,31-46; 10.1158/2159-
8290.CD-21-1059 (2022).

Evan, G. I. & Vousden, K. H. Proliferation, cell cycle and apoptosis in cancer. Nature 411, 342-348;
10.1038/35077213 (2001).

Gerstberger, S., Jiang, Q. & Ganesh, K. Metastasis. Cel/ 186, 1564—-1579; 10.1016/j.cell.2023.03.003
(2023).

Kessenbrock, K., Plaks, V. & Werb, Z. Matrix metalloproteinases: regulators of the tumor
microenvironment. Cell 141,52-67; 10.1016/j.cell.2010.03.015 (2010).

Baluk, P., Hashizume, H. & McDonald, D. M. Cellular abnormalities of blood vessels as targets in cancer.

Current opinion in genetics & development 15,102—111; 10.1016/j.gde.2004.12.005 (2005).

Baeriswyl, V. & Christofori, G. The angiogenic switch in carcinogenesis. Seminars in cancer biology 19,

329-337; 10.1016/j.semcancer.2009.05.003 (2009).

Tufail, M., Jiang, C.-H. & Li, N. Immune evasionin cancer: mechanisms and cutting-edge therapeutic

approaches. Signal transduction and targeted therapy 10,227; 10.1038/s41392-025-02280-1 (2025).

Galassi, C., Chan, T. A., Vitale, 1. & Galluzzi, L. The hallmarks of cancer immune evasion. Cancercell 42,
1825-1863; 10.1016/j.ccell.2024.09.010 (2024).

Duve, C. de & Wattiaux, R. Functions of lysosomes. Annual review of physiology 28,435-492;
10.1146/annurev.ph.28.030166.002251 (1966).

Ballabio, A. & Bonifacino, J. S. Lysosomes as dynamic regulators of cell and organismal homeostasis.

Nature reviews. Molecular cell biology 21, 101-118; 10.1038/s41580-019-0185-4 (2020).

Shen, D. et al. Lipid storage disorders block lysosomal trafficking by inhibiting a TRP channel and

lysosomal calcium release. Nature communications 3, 731; 10.1038/ncomms 1735 (2012).

38



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

References

Abrahamian, C. & Grimm, C. Endolysosomal Cation Channels and MITF in Melanocytes and Melanoma.
Biomolecules 11; 10.3390/biom11071021 (2021).

Sakurai, Y. etal. Ebola virus. Two-pore channels control Ebola virus host cell entry and are drug targets for

disease treatment. Science (New York, N.Y,) 347,995-998; 10.1126/science.1258758 (2015).

Prat Castro, S. et al. Neurodegenerative Lysosomal Storage Disorders: TPC2 Comes to the Rescue! Cells

11; 10.3390/cells 11182807 (2022).

Xu, H. & Ren, D. Lysosomal physiology. Annual review of physiology 77,57-80; 10.1146/annurev-
physiol-021014-071649 (2015).

Mindell, J. A. Lysosomal acidification mechanisms. Annualreview of physiology 74,69—86;
10.1146/annurev-physiol-012110-142317 (2012).

Lawrence, R. E. & Zoncu, R. The lysosome as a cellular centre for signalling, metabolism and quality

control. Nature cell biology 21,133-142; 10.1038/s41556-018-0244-7 (2019).

Tang, T. et al. The role of lysosomes in cancer development and progression. Cell & bioscience 10, 131;

10.1186/s13578-020-00489-x (2020).

Nomura, T. & Katunuma, N. Involvement of cathepsins in the invasion, metastasis and proliferation of

cancer cells. The journal of medical investigation : JMI 52, 1-9; 10.2152/jmi.52.1. (2005).

Saftig, P. & Sandhoff, K. Cancer: Killing from the inside. Nature 502,312-313; 10.1038/nature12692.
(2013).

Tardy, C., Codogno, P., Autefage, H., Levade, T. & Andrieu-Abadie, N. Lysosomes and lysosomal proteins
in cancer cell death (new players of an old struggle). Biochimica et biophysica acta 1765,101-125;
10.1016/j.bbcan.2005.11.003 (2006).

Kirkegaard, T. & Jaatteld, M. Lysosomal involvement in cell death and cancer. Biochimica et biophysica

acta 1793, 746-754; 10.1016/j.bbamcr.2008.09.008 (2009).

Bartel, K. et al. V-ATPase inhibition increases cancer cell stiffness and blocks membrane related Ras

signaling - a new option for HCC therapy. Oncotarget 8, 9476-9487; 10.18632/oncotarget.14339 (2017).

Bartel, K., Miiller, R. & Schwarzenberg, K. von. Differential regulation of AMP-activated protein kinase in
healthy and cancer cells explains why V-ATPase inhibition selectively kills cancer cells. The Journal of

biological chemistry 294,17239-17248; 10.1074/jbc.RA119.010243 (2019).

Perera, R. M. et al. Transcriptional control of autophagy-lysosome function drives pancreatic cancer

metabolism. Nature 524,361-365; 10.1038/nature14587 (2015).

Di Malta, C. et al. Transcriptional activation of RagD GTPase controls mTORC1 and promotes cancer
growth. Science (New York, N.Y.) 356, 1188—1192; 10.1126/science.aag2553 (2017).

Kimmelman, A.C. & White, E. Autophagy and Tumor Metabolism. Cell metabolism 25, 1037-1043;
10.1016/j.cmet.2017.04.004. (2017).

39



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

References

Franco-Juarez, B. et al. TFEB; Beyond Its Role as an Autophagy and Lysosomes Regulator. Cells11;
10.3390/cells 11193153. (2022).

Deleyto-Seldas, N. & Efeyan, A. The mTOR-Autophagy Axis and the Control of Metabolism. Frontiersin
cell and developmental biology 9,655731; 10.3389/fcell.2021.655731 (2021).

Astanina, E., Bussolino, F. & Doronzo, G. Multifaceted activities of transcription factor EB in cancer onset

and progression. Molecular oncology 15,327-346; 10.1002/1878-0261.12867 (2021).

Wang, T. ef al. A new glance at autophagolysosomal-dependent or -independent function of transcriptional
factor EB in human cancer. Acta pharmacologica Sinica 44,1536—1548; 10.1038/s41401-023-01078-7
(2023).

Brown, W.J., DeWald, D. B., Enmr, S. D., Plutner; H. & Balch, W. E. Role for phosphatidylinositol3-kinase
in the sorting and transport of newly synthesized lysosomal enzymes in mammalian cells. The Journal of

cell biology 130,781-796; 10.1083/jcb.130.4.781 (1995).

Mousavi, S. A., Brech, A., Berg, T. & Kjeken, R. Phosphoinositide 3-kinase regulates maturation of
lysosomes in rat hepatocytes. The Biochemical journal 372,861-869; 10.1042/bj20021136 (2003).

Collins, D. C., Chenard-Poirier, M. & Lopez, J. S. The PI3K Pathway at the Crossroads of Cancer and the
Immune System: Strategies for Next Generation Immunotherapy Combinations. Current cancer drug

targets 18, 355-364; 10.2174/1568009617666170927114440 (2018).

Easton, J. B. & Houghton,P. J. mTOR and cancer therapy. Oncogene 25, 6436—6446;
10.1038/sj.0nc.1209886 (2006).

Fusco, N. et al. PTEN Alterations and Their Role in Cancer Management: Are We Making Headway on
Precision Medicine? Genes 11; 10.3390/genes 11070719 (2020).

Santoni, G., Santoni, M., Maggi, F., Marinelli, O. & Morelli, M. B. Emerging Role of Mucolipins TRPML
Channels in Cancer. Frontiers in oncology 10, 659; 10.3389/fonc.2020.00659 (2020).

Alharbi, A. F. & Parrington, J. Endolysosomal Ca2+ Signaling in Cancer: The Role of TPC2, From
Tumorigenesis to Metastasis. Frontiers in cell and developmental biology 7,302; 10.3389/fcell.2019.00302
(2019).

Davis, L. C., Morgan, A. J. & Galione, A. NAADP-regulated two-pore channels drive phagocytosis
through endo-lysosomal Ca2+ nanodomains, calcineurin and dynamin. The EMBO journal 39, ¢104058;

10.15252/embj.2019104058 (2020).

Sun, W. & Yue, J. TPC2 mediates autophagy progression and extracellular vesicle secretion in cancer cells.

Experimental cell research 370,478-489; 10.1016/j.yexcr.2018.07.013 (2018).

Lin, P.-H. et al. Lysosomal two-pore channel subtype 2 (TPC2) regulates skeletal muscle autophagic
signaling. The Journal of biological chemistry 290, 3377-3389; 10.1074/jbc.M114.608471. (2015).

Lu, Y, Hao, B., Graeff, R. & Yue, J. NAADP/TPC2/Ca(2+) Signaling Inhibits Autophagy. Communicative
& integrative biology 6,¢27595; 10.4161/cib.27595 (2013).

40



48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

References

Garcia-Raa, V. et al. Endolysosomal two-pore channels regulate autophagy in cardiomyocytes. The Journal

of physiology 594,3061-3077; 10.1113/JP271332 (2016).

Arlt, E. et al. TPC1 deficiency or blockade augments systemic anaphylaxis and mast cell activity.
Proceedings of the National Academy of Sciences of the United States of America 117, 18068—-18078;
10.1073/pnas.1920122117 (2020).

Castonguay, J. et al. The two-pore channel TPC1 is required for efficient protein processing through early

and recycling endosomes. Scientific reports 7, 10038; 10.1038/s41598-017-10607-4 (2017).

Grimm, C. et al. High susceptibility to fatty liver disease in two-pore channel2-deficient mice. Nature
communications 5,4699; 10.1038/ncomms 5699 (2014).

Tong, B. C.-K. et al. Lysosomal TPCN (two pore segment channel) inhibition ameliorates beta-amyloid
pathology and mitigates memory impairment in Alzheimer disease. Autophagy 18, 624-642;
10.1080/15548627.2021.1945220 (2022).

Hockey, L. N. et al. Dysregulation of lysosomal morphology by pathogenic LRRK2 is corrected by TPC2
inhibition. Journal of cell science 128, 232-238; 10.1242/jcs.164152 (2015).

Ou, X. et al. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-

reactivity with SARS-CoV. Nature communications 11, 1620; 10.1038/s41467-020-15562-9 (2020).

She, J. et al. Structural mechanisms of phospholipid activation of the human TPC2 channel. eLife 8;
10.7554/eLife 45222 (2019).

Calcraft, P.J. et al. NAADP mobilizes calcium from acidic organelles through two-pore channels. Nature

459, 596-600; 10.1038/nature08030 (2009).

Gerndt, S. et al. Agonist-mediated switching of ion selectivity in TPC2 differentially promotes lysosomal
function. eLife 9; 10.7554/eLife.54712 (2020).

Patel, S., Yuan, Y, Gunaratne, G. S., Rahman, T. & Marchant, J. S. Activation of endo-lysosomal two-pore
channels by NAADP and PI(3,5)P2. Five things to know. Cell calcium 103, 102543;
10.1016/j.ceca.2022.102543 (2022).

Roggenkamp, H. G. et al. HNIL/JPT2: A signaling protein that connects NAADP generation to Ca2+
microdomain formation. Science signaling 14;10.1126/scisignal.abd5647 (2021).

Gunaratne, G. S. et al. Essential requirement for JPT2 in NAADP-evoked Ca2+ signaling. Science
signaling 14;10.1126/scisignal.abd5605 (2021).

Zhang, J., Guan, X., Shah, K. & Yan, J. Lsml2 is an NAADP receptor and a two -pore channel regulatory
protein required for calcium mobilization from acidic organelles. Nature communications 12,4739,

10.1038/s41467-021-24735-z (2021).

He, X., Kang, Y. & Chen, L. Identification of ASPDH as a novel NAADP-binding protein. Biochemical
and biophysical research communications 621,168-175; 10.1016/j.bbrc.2022.06.100 (2022).

41



63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

References

Wang, X. et al. TPC proteins are phosphoinositide-activated sodium-selective ion channels in endosomes

and lysosomes. Cell 151, 372-383; 10.1016/j.cell.2012.08.036 (2012).

Yuan, Y. et al. Segregated cation flux by TPC2 biases Ca2+ signaling through lysosomes. Nature
communications 13,4481; 10.1038/s41467-022-31959-0 (2022).

Ogunbayo,O. A. et al. mTORC1 controls lysosomal Ca2+ release through the two-pore channel TPC2.
Science signaling 11; 10.1126/scisignal.aao5775 (2018).

Netcharoensirisuk, P. et al. Flavonoids increase melanin production and reduce proliferation, migration and
invasion of melanoma cells by blocking endolysosomal/melanosomal TPC2. Scientific reports 11, 8515;

10.1038/s41598-021-88196—6 (2021).

Tedeschi, V, Vinciguerra, A., Sisalli, M. J., Pignataro, G. & Secondo, A. Pharmacological inhibition of
lysosomal two-pore channel 2 (TPC2) confers neuroprotection in stroke via autophagy regulation.

Neurobiology ofdisease 178,106020; 10.1016/.nbd.2023.106020 (2023).

Rosen, D. et al. Analogues of the nicotinic acid adenine dinucleotide phosphate (NAADP) antagonist Ned -
19 indicate two binding sites on the NAADP receptor. The Journal of biological chemistry 284, 34930~
34934; 10.1074/jbc.M 109.016519 (2009).

Miiller, M. et al. Gene editing and synthetically accessible inhibitors reveal role for TPC2 in HCC cell
proliferation and tumor growth. Cell chemical biology 28, 1119-1131.e27; 10.1016/j.chembiol.2021.01.023
(2021).

Chi, G. et al. Structural basis for inhibition of the lysosomal two-pore channel TPC2 by a small molecule

antagonist. Structure (London, England : 1993) 32, 1137-1149.e4; 10.1016/j.str.2024.05.005 (2024).

Skelding, K. A., Barry, D. L., Theron, D. Z. & Lincz, L. F. Targeting the two-pore channel 2 in cancer
progression and metastasis. Exploration oftargeted anti-tumor therapy 3, 62—89;

10.37349/etat.2022.00072 (2022).

Faris, P., Shekha, M., Montagna, D., Guerra, G. & Moccia, F. Endolysosomal Ca2+ Signalling and Cancer
Hallmarks: Two-Pore Channels on the Move, TRPMLI Lags Behind! Cancers 11;
10.3390/cancers 11010027 (2018).

Favia, A. et al. VEGF-induced neoangiogenesis is mediated by NAADP and two-pore channel-2-dependent
Ca2+ signaling. Proceedings of the National Academy of Sciences of the United States of America 111,
EA706-15; 10.1073/pnas.1406029111 (2014).

Favia, A. et al. NAADP-Dependent Ca(2+) Signaling Controls Melanoma Progression, Metastatic
Dissemination and Neoangiogenesis. Scientific reports 6, 18925; 10.1038/srep18925 (2016).

Nguyen, O. N. P. ef al. Two-Pore Channel Function Is Crucial for the Migration of Invasive Cancer Cells.

Cancer research 77, 1427-1438; 10.1158/0008—-5472.CAN-16-0852 (2017).

Li, F, Ji, J-P, Xu, Y & Liu, R.-L. Identification a novel setof 6 differential expressed genes in prostate

cancer that can potentially predict biochemical recurrence after curative surgery. Clinical & translational

42



77.

78.

79.

80.

81.

82.

&3.

&4.

85.

86.

&7.

88.

9.

90.

References

oncology : official publication ofthe Federation of Spanish Oncology Societies and of the National Cancer
Institute of Mexico 21, 1067-1075; 10.1007/s12094-018-02029-z (2019).

Miiller, M. et al. Blocking Lysosomal Two-Pore Channel 2 Function Inhibits Proliferation of Multidrug
Resistant Leukemia Cells and Sensitizes Them to Vincristine Treatment. Blood 134,2081; 10.1182/blood-
2019-128195 (2019).

Geisslinger, F. et al. Targeting TPC2 sensitizes acute lymphoblastic leukemia cells to chemotherapeutics by

impairing lysosomal function. Cell death & disease 13, 668; 10.1038/s41419-022-05105-z (2022).

Pryor, P. R, Reimann, F., Gribble, F. M. & Luzio, J. P. Mucolipin-1 is a lysosomal membrane protein
required for intracellular lactosylceramide traffic. Traffic (Copenhagen, Denmark) 7,1388-1398;
10.1111/.1600-0854.2006.00475.x (2006).

Plesch, E. ef al. Selective agonistof TRPML2 reveals direct role in chemokine release from innate immune

cells. eLife 7; 10.7554/eLife.39720 (2018).

Spix, B. ef al. Lung emphysema and impaired macrophage elastase clearance in mucolipin 3 deficient

mice. Nature communications 13,318; 10.1038/s41467-021-27860-x (2022).

Gan, N. & Jiang, Y. Structural biology of cation channels important for lysosomal calcium release. Cell

calcium 101,102519; 10.1016/j.ceca.2021.102519 (2022).

Schmiege, P., Fine, M., Blobel, G. & Li, X. Human TRPMLI channel structures in open and closed
conformations. Nature 550,366-370; 10.1038/nature24036 (2017).

Li, M. et al. Structural basis of dual Ca2+/pH regulation of the endolysosomal TRPMLI1 channel. Nature
structural & molecular biology 24,205-213; 10.1038/nsmb.3362 (2017).

Dong, X.-P. et al. PI(3,5)P(2) controls membrane trafficking by direct activation of mucolipin Ca(2+)

release channels in the endolysosome. Nature communications 1, 38; 10.1038/ncomms 1037 (2010).

Zhang, X. et al. MCOLNI is a ROS sensorin lysosomes that regulates autophagy. Nature communications

7,12109; 10.1038/ncomms 12109 (2016).

Siow, W. X. et al. Lysosomal TRPMLI regulates mitochondrial function in hepatocellular carcinoma cells.

Journal of cell science 135; 10.1242/jcs.259455 (2022).

Riihl, P. ef al. Estradiol analogs attenuate autophagy, cell migration and invasion by direct and selective
inhibition of TRPMLI, independentof estrogen receptors. Scientific reports 11, 8313; 10.1038/s41598—
021-87817-4 (2021).

Leser, C. ef al. Chemical and pharmacological characterization of the TRPML calcium channel blockers
ML-SI1 and ML-SI3. European journal of medicinal chemistry 210, 112966;
10.1016/j.ejmech.2020.112966 (2021).

Wang, W., Zhang, X., Gao, Q. & Xu, H. TRPMLI: an ion channel in the lysosome. Handbook of
experimental pharmacology 222,631-645; 10.1007/978-3-642-54215-2 24 (2014).

43



91

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

References

Di Paola, S., Scotto-Rosato, A. & Medina, D. L. TRPMLI: The Ca(2+)retaker ofthe lysosome. Cell
calcium 69, 112-121; 10.1016/j.ceca.2017.06.006 (2018).

Kilpatrick, B. S., Yates, E., Grimm, C., Schapira, A. H. & Patel, S. Endo-lysosomal TRP mucolipin-1
channels trigger global ER Ca2+ release and Ca2+ influx. Journal of cell science 129, 3859-3867;
10.1242/jcs. 190322 (2016).

Miedel, M. T. et al. Membrane traffic and turnoverin TRP-MLI-deficient cells: a revised model for
mucolipidosis type IV pathogenesis. The Journal of experimental medicine 205, 1477-1490;
10.1084/jem.20072194 (2008).

Grimm, C., Butz, E., Chen, C.-C., Wahl-Schott, C. & Biel, M. From mucolipidosis type IV to Ebola:
TRPML and two-pore channels at the crossroads ofendo-lysosomal trafficking and disease. Cell calcium

67, 148-155; 10.1016/j.ceca.2017.04.003 (2017).

Venkatachalam, K., Wong,C.-O. & Zhu, M. X. The role of TRPMLs in endolysosomal trafficking and
function. Cell calcium58, 48-56; 10.1016/j.ceca.2014.10.008 (2015).

Scotto Rosato, A. ef al. TRPMLI links lysosomal calcium to autophagosome biogenesis through the
activation of the CaMKKp/VPS34 pathway. Nature communications 10,5630; 10.1038/s41467-019-
13572-w (2019).

Medina, D. L. et al. Lysosomal calcium signalling regulates autophagy through calcineurin and TFEB.

Nature cell biology 17, 288-299; 10.1038/ncb3114 (2015).

Bargal, R. et al. Identification of the gene causing mucolipidosis type IV. Nature genetics26, 118-123;
10.1038/79095 (2000).

Tedeschi, V. et al. The activation of Mucolipin TRP channell (TRPML1) protects motor neurons from L-
BMA A neurotoxicity by promoting autophagic clearance. Scientific reports 9, 10743; 10.1038/s41598-019-
46708-5 (2019).

Jung, J. et al. HRAS-driven cancer cells are vulnerable to TRPMLI inhibition. EMBO reports 20,
10.15252/embr.201846685 (2019).

Santoni, G. ef al. Coexpression of TRPMLI and TRPML2 Mucolipin Channels Affects the Survival of
Glioblastoma Patients. International journal of molecular sciences 23; 10.3390/ijms23147741 (2022).

Kasitinon, S. Y. et al. TRPMLI1 Promotes Protein Homeostasis in Melanoma Cells by Negatively
Regulating MAPK and mTORC1 Signaling. Cell reports 28,2293-2305.9; 10.1016/j.celrep.2019.07.086
(2019).

Xu, M. etal. The lysosomal TRPMLI channel regulates triple negative breast cancer development by
promoting mTORC1 and purinergic signaling pathways. Cell calcium 79, 80-88,;
10.1016/j.ceca.2019.02.010 (2019).

Fan, C. et al. Inhibition of lysosomal TRPMLI channel eliminates breast cancer stemcells by triggering

ferroptosis. Cell death discovery 10, 256; 10.1038/s41420-024-02026-y (2024).

44



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

References

Riihl, P. & Bracher, F. Aza Analogs of the TRPMLI Inhibitor Estradiol Methyl Ether (EDME). Molecules
(Basel, Switzerland) 28; 10.3390/molecules28217428 (2023).

Yin, C. etal. Downregulated MCOLN1 Attenuates The Progression Of Non-Small-Cell Lung Cancer By
Inhibiting Lysosome-Autophagy. Cancer management and research 11, 8607-8617;
10.2147/CMAR.S216538 (2019).

Morelli, M. B. et al. Transient Receptor Potential Mucolipin-1 Channels in Glioblastoma: Role in Patient's

Survival. Cancers 11;10.3390/cancers 11040525 (2019).

Pitt, S. J. et al. TPC2 is anovel NAADP-sensitive Ca2+ release channel, operating as a dual sensor of
luminal pH and Ca2+. The Journal of biological chemistry 285,35039-35046; 10.1074/jbc.M110.156927
(2010).

Watts, C. The endosome-lysosome pathway and information generation in the immune system. Biochimica

et biophysica acta 1824,14-21; 10.1016/j.bbapap.2011.07.006 (2012).

Watts, C. Lysosomes and lysosome-related organelles in immune responses. FEBS open bio 12, 678—693;

10.1002/2211-5463.13388 (2022).

Miyake, K. et al. Mechanisms controlling nucleic acid-sensing Toll-like receptors. International

immunology 30,43-51; 10.1093/intimm/dxy 016 (2018).

Ewald, S. E. et al. The ectodomain of Toll-like receptor9 is cleaved to generate a functional receptor.

Nature 456, 658—662; 10.1038/nature07405 (2008).

Pelka, K. et al. The Chaperone UNC93B1 Regulates Toll-like Receptor Stability Independently of
Endosomal TLR Transport. Immunity 48,911-922.e¢7; 10.1016/j.immuni.2018.04.011 (2018).

Davidson, H. W., Reid, P. A, Lanzavecchia, A. & Watts, C. Processed antigen binds to newly synthesized
MHC class Il molecules in antigen-specific B lymphocytes. Cell 67, 105-116; 10.1016/0092-
8674(91)90575-J (1991).

Neefjes, J. J., Stollorz, V, Peters, P. J., Geuze, H. J. & Ploegh, H. L. The biosynthetic pathway of MHC
class IT but not class I molecules intersects the endocytic route. Cell 61, 171-183; 10.1016/0092—
8674(90)90224-3 (1990).

Manoury, B. et al. An asparaginyl endopeptidase processes a microbial antigen for class I MHC

presentation. Nature 396,695-699; 10.1038/25379 (1998).

Matthews, S. P. et al. Distinct protease requirements for antigen presentation in vitro and in vivo. Journal

of immunology (Baltimore, Md. : 1950) 184,2423-2431; 10.4049/jimmunol.0901486 (2010).

Lanzavecchia, A. Receptor-mediated antigen uptake and its effect on antigen presentation to class II-
restricted T lymphocytes. Annual review of immunology 8, 773—-793; 10.1146/annurev.iy.08.040190.004013
(1990).

Chow, A., Toomre, D., Garrett, W. & Mellman, I. Dendritic cell maturation triggers retrograde MHC class
II transport from lysosomes to the plasma membrane. Nature 418,988-994; 10.1038/nature01006 (2002).

45



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

References

Kleijmeer, M. et al. Reorganization of multivesicular bodies regulates MHC class II antigen presentation

by dendritic cells. The Journal of cell biology 155,53-63; 10.1083/jcb.200103071 (2001).

Bagchi, S., Yuan, R. & Engleman, E. G. Immune Checkpoint Inhibitors for the Treatment of Cancer:
Clinical Impact and Mechanisms of Response and Resistance. Annual review of pathology 16,223-249;
10.1146/annurev-pathol-042020-042741 (2021).

Sahin, U. & Tiireci, O. Personalized vaccines for cancer immunotherapy. Science (New York, N.Y,) 359,

1355-1360; 10.1126/science.aar7112 (2018).

Wang,Z., Wu, Z., Liu, Y. & Han, W. New development in CAR-T cell therapy. Journal of hematology &
oncology 10,53; 10.1186/s13045-017-0423—1 (2017).

He, M. et al. Immune Checkpoint Inhibitor-Based Strategies for Synergistic Cancer Therapy. Advanced
healthcare materials 10, ¢2002104; 10.1002/adhm.202002104 (2021).

Kirchhammer, N., Trefny, M. P., Maur, P. auf der, Laubli, H. & Zippelius, A. Combination cancer
immunotherapies: Emerging treatment strategies adapted to the tumor microenvironment. Science

translational medicine 14,eabo3605; 10.1126/scitranslmed.abo3605 (2022).

Pei, J. et al. Targeting Lysosomal Degradation Pathways: New Strategies and Techniques for Drug
Discovery. Journal of medicinal chemistry 64, 3493-3507; 10.1021/acs.jmedchem.0c01689 (2021).

Bonam, S. R., Wang,F. & Muller, S. Lysosomes as a therapeutic target. Nature reviews. Drug discovery 18,
923-948; 10.1038/s41573—-019-0036-1 (2019).

Tang, M. et al. pH-gated nanoparticles selectively regulate lysosomal function of tumour-associated
macrophages for cancer immunotherapy. Nature communications 14,5888; 10.1038/s41467-023-41592—-0
(2023).

Ahn, G. et al. Elucidating the cellular determinants of targeted membrane protein degradation by

lysosome-targeting chimeras. Science (New York, N.Y,) 382, eadf6249; 10.1126/science.adf6249 (2023).

Marin-Acevedo, J. A., Kimbrough, E. O. & Lou, Y. Next generation of immune checkpointinhibitors and
beyond. Journal of hematology & oncology 14,45; 10.1186/s13045-021-01056-8 (2021).

Linsley, P.S. etal. CTLA-4 is a second receptor for the B cell activation antigen B7. The Journal of
experimental medicine 174, 561-569; 10.1084/jem.174.3.561 (1991).

Tang, Q. et al. The role of PD-1/PD-L1 and application of immune-checkpoint inhibitors in human cancers.

Frontiersin immunology 13, 964442; 10.3389/fimmu.2022.964442 (2022).

Walker, L. S. K. & Sansom, D. M. Confusing signals: recent progress in CTLA -4 biology. Tirends in
immunology 36, 63-70; 10.1016/j.it.2014.12.001 (2015).

Linsley, P. S. et al. Coexpression and functional cooperation of CTLA-4 and CD28 on activated T
lymphocytes. The Journal of experimental medicine 176, 1595-1604; 10.1084/jem.176.6.1595 (1992).

Chen, L. ef al. Costimulation of antitumor immunity by the B7 counterreceptor for the T lymphocyte

molecules CD28 and CTLA-4. Cell71,1093-1102; 10.1016/s0092-8674(05)80059-5 (1992).

46



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

References

Egen, J. G, Kuhns,M. S. & Allison, J. P. CTLA-4: new insights into its biological function and usein
tumor immunotherapy. Natureimmunology 3,611-618; 10.1038/ni0702—611 (2002).

Contardi, E. et al. CTLA-4 is constitutively expressed on tumor cells and can trigger apoptosis upon ligand

interaction. International journal of cancer 117, 538-550; 10.1002/ijc.21155 (2005).

Leach, D. R., Krummel, M. F. & Allison, J. P. Enhancement of antitumor immunity by CTLA -4 blockade.
Science (New York, N.Y) 271,1734-1736; 10.1126/science.271.5256.1734 (1996).

Bossi, G. & Griffiths, G. M. Degranulation plays an essentialpart in regulating cell surface expression of
Fas ligand in T cells and natural killer cells. Nature medicine 5,90-96; 10.1038/4779 (1999).

Chuang, E. et al. Interaction of CTLA-4 with the clathrin-associated protein AP50 results in ligand-
independent endocytosis that limits cell surface expression. The Journal of Immunology 159, 144151,
10.4049/jimmunol. 159.1.144 (1997).

Schneider, H. et al. Cytolytic T Lymphocyte-Associated Antigen-4and the TCR{/CD3 Complex, But Not
CD28, Interact with Clathrin Adaptor Complexes AP-1 and AP-2. The Journal of Immunology 163, 1868—
1879; 10.4049/jimmunol. 163.4.1868 (1999).

Shiratori, T. et al. Tyrosine phosphorylation controls internalization of CTLA-4 by regulating its interaction
with clathrin-associated adaptor complex AP-2. Immunity 6,583-589; 10.1016/S1074-7613(00)80346-5
(1997).

Daud, A. L et al. Programmed Death-Ligand 1 Expression and Response to the Anti-Programmed Death 1
Antibody Pembrolizumab in Melanoma. Journal of clinical oncology : official journal of the American

Society of Clinical Oncology 34,4102-4109; 10.1200/JC0O.2016.67.2477 (2016).

ONeill, R. E. & Cao, X. Co-stimulatory and co-inhibitory pathways in cancer immunotherapy. Advances in
cancer research 143,145-194; 10.1016/bs.acr.2019.03.003 (2019).

Banchereau, R. et al. Intratumoral CD103+ CDS8+ T cells predict response to PD-L1 blockade. Journal for
immunotherapy of cancer9; 10.1136/jitc-2020-002231 (2021).

Yao, H. et al. Inhibiting PD-L1 palmitoylation enhances T-cell immune responses against tumours. Nature

biomedical engineering 3,306-317; 10.1038/s41551-019-0375-6 (2019).

Liang, J. et al. CMTMS6, a potential immunotherapy target. Journal of cancer research and clinical

oncology 148,47-56; 10.1007/s00432-021-03835-9 (2022).

Burr, M. L. et al. CMTM6 maintains the expression of PD-L1 and regulates anti-tumour immunity. Nature

549, 101-105; 10.1038/nature23643 (2017).

Kashiwada, T. etal. Lysosomal degradation of PD-L1 is associated with immune-related adverse events

during anti-PD-L1 immunotherapyin NSCLC patients (2024).

Wang, Y, Deng, S. & Xu, J. Proteasomal and lysosomal degradation for specific and durable suppression
of immunotherapeutic targets. Cancer biology & medicine 17, 583-598; 10.20892/j.issn.2095—
3941.2020.0066 (2020).

47



151.

152.

153.

154.

155.

156.

157.

References

Barrueto, L. et al. Resistance to Checkpoint Inhibition in Cancer Immunotherapy. Translational oncology

13, 100738; 10.1016/j.tranon.2019.12.010 (2020).

Zhao, X. et al. Irradiation combined with PD-L1-/- and autophagy inhibition enhances the antitumor effect
of lung cancer via cGAS-STING-mediated T cell activation. iScience 25, 104690;
10.1016/5.i5¢i.2022.104690 (2022).

Thompson, E. G., Schaheen, L., Dang, H. & Fares, H. Lysosomal trafficking functions of mucolipin-1 in
murine macrophages. BMC cell biology 8, 54; 10.1186/1471-2121-8-54 (2007).

Yamamoto, K. et al. Autophagy promotes immune evasion of pancreatic cancer by degrading MHC-I.

Nature 581, 100-105; 10.1038/s41586-020-2229-5 (2020).
Goretzko, J. et al. Leukocyte adhesion is governed by endolysosomal two pore channel 2 (TPC2) (2021).

Goretzko, J. et al. P-selectin-dependent leukocyte adhesion is governed by endolysosomal two-pore

channel 2. Cell reports 42, 113501; 10.1016/j.celrep.2023.113501 (2023).

Li, Y. et al. TPC2 promotes choroidal angiogenesis and inflammation in a mouse model of neovascular

age-related macular degeneration. Life science alliance 4;10.26508/1sa.202101047 (2021).

48



Acknowledgments

9. Acknowledgments

Mein erster Dank gilt Dr. Karin Bartel — dafiir, dass ich meine Bachelorarbeit, meine Masterarbeit und
schlieBlich auch meine Dissertation in ihrer Forschungsgruppe anfertigen durfte. Besonders zu schétzen,
weil ich, dass du mir in der Gestaltung und Planung meines Projekts grofle Freiheiten gelassen hast.
Dadurch konnte ich in den letzten Jahren wihrend meiner Promotion lernen, mich eigenstindig zu
strukturieren, zu organisieren und mein Zeitmanagement zu verbessern. Das Vertrauen, das du mir
entgegengebracht hast, weil} ich sehr zu schitzen. Ich danke dir auerdem fiir dein Verstindnis und deine
Zuversicht in personlich schwierigen Zeiten. Du hast mir nie das Gefiihl gegeben, dass die Arbeit
wichtiger sei als meine Gesundheit. Unsere Zusammenarbeit im Team hat immer gut funktioniert, und

ich bin froh, dass ich mich fiir eine Promotion bei dir entschieden habe.

Mein Dank gilt auch Frau Prof. Dr. Vollmar, an deren Lehrstuhl ich urspriinglich meine Bachelor- und
Masterarbeit geschrieben habe und an dem ich auch meine Promotion begonnen habe. Danke fiir die
Begleitung in den ersten Jahren, fiir konstruktive Diskussionen und fiir die Moglichkeit, meine
Promotion tiberhaupt beginnen zu diirfen. Danke auch, dass Sie dieses Kapitel mit Threr Teilnahme an

meiner Priifungskommission mit abschlieen.

Ebenfalls danke ich Frau Prof. Dr. Koch fiir die Ubernahme der Zweitgutachterinnenrolle. Ich wei3 es
sehr zu schitzen, dass Sie Zeit und Miihe in die Begutachtung meiner Arbeit investiert haben. Mein
Dank geht ebenso an die weiteren Mitglieder der Priifungskommission — Frau Prof. Dr. Merkel, Herm
Prof. Dr. Scherf-Clavel und Herrn Prof. Dr. Biel — fiir [hre Zeit und den wertvollen wissenschaftlichen

Austausch.

Meinen herzlichen Dank richte ich auch an den ehemaligen Arbeitskreis Vollmar fiir die schénen ersten
Jahre: Franz, Jana und Julia — ich habe so unglaublich viel von euch gelernt, und es war mir stets eine
Freude, mit euch zusammenzuarbeiten. Bernadette — danke fiir deine tatkriftige, selbstverstindliche
Unterstiitzung in meinen Projekten. Nadine — danke, dass ich dein Projekt tibernehmen durfte. Ich hoffe,
du bist genauso stolz wie ich auf unser erstes gemeinsames Paper. Wouldn’t wanna share my first co-

first with anyone else.

Danke an den AK Merkel, der uns nach der Fusion offen aufgenommen hat. Auch wenn das Eis anfangs
etwas Zeit zum Schmelzen brauchte, waren die letzten Monate umso schoner. Danke fiir die herzliche

Integration in eure Gruppenaktivititen und den personlichen Austausch! Anny, jetzt brauch ich keine T-
Zellen mehr.

Dem AK Scherf-Clavel mochte ich genauso danken: Danke, dass wir eure Labore nutzen durften und
ihr uns nie das Gefiihl gegeben habt, eine Last zu sein. Thr seid ein groBartiger Arbeitskreis, in dem
Menschlichkeit an erster Stelle steht. Bleibt bitte genauso, wie ihr seid — ihr seid toll!

49



Acknowledgments

Ebenso danke ich allen meinen Kooperationspartner*innen —ohne euch wére diese Arbeit nicht moglich

gewesen. Ich bin eine grole Verfechterin von Zusammenarbeit und wissenschaftlichem Austausch.

Danke, dass die Arbeit mit euch so viel Freude gemacht hat!

Mein herzlicher Dank gilt ebenso der Stiftung der Deutschen Wirtschaft (SDW) fiir die finanzielle und
ideelle Forderung seit Beginn meines Studiums — und fiir die Moglichkeit, auch im Rahmen meiner
Promotion unterstiitzt zu werden. Das SDW-Netzwerk ist ein Netzwerk fiirs Leben. Ich bin unendlich
dankbar, Teil dieses besonderen Kreises zu sein und von einem inspirierenden Veranstaltungsprogramm
profitiert haben zu diirfen. Es hat meine personliche Entwicklung entscheidend geprégt — insbesondere

in den Bereichen der Fiihrungskompetenz, Resilienz und Eigeninitiative.

Fiir alle, die sich gefragt haben, woher die Inspiration memner Widmung stammt: Auf der SDW-
Weihnachtsfeier im letzten Jahr habe ich die Widmung meiner Dissertation fiir 600 € versteigert. Die
gesamte Summe wurde an die Deutsche Krebsgesellschaft gespendet. Stipendiat*innen und Alumni
haben sich anschlieBend zusammengesetzt und die Widmung fiir mich verfasst — ohne mein Einwirken.
Ich danke euch von Herzen — fiir eure Spende und fiir acht unvergessliche Jahre in der SDW. Ein
Netzwerk, das nicht nur fiir Verbindungen und personliches Wachstum steht, sondern auch fiir
Freundschaften. Die Namen der Spender*innen bzw. Freund*innen in alphabetischer Reihenfolge:
Anna, Annika, Bastian, Clara, Dide m, Cynthia, Danil, Daniel B., Daniel G., Hannah, Jessi, Jorka,
Justus, LaraA.,Larav.B., Lars, Lasse, Lena, Linus, M arius, Maximilian, M ona, Paul, Pia, Simon,

Susanne, Sven, Theresa, Tobi, Tobias H.

Thomas, Adrian und Michelle — mit euch hat das Studieren Spall gemacht. Thr wart die perfekte
Mischung aus Freundschaft, Motivation und Humor. Was ich aus den letzten Jahren mitnehmen werde:
Wie spit willst du anfangen zu Lernen? — Michelle: Ja!, Adrian besitzt angeblich mehr als nur eine
Jogginghose. Thomas & Adrians Wissensbattles in der Mittagspause oder im Sausalitos. Wo ein
Borat/Spongebob-Zitat, da ein Thomas. Und natiirlich keinen Funken Missgunst und nur Liebe! Egal
welchen Weg ihr einschlagen werdet — ich bin {iberzeugt, dass ihr euren Weg erfolgreich gehen werdet.
Es war mir eine Ehre, diesen Lebensabschnitt mit euch teilen zu diirfen. Ihr seid wahrlich eine
Bereicherung! Und wie man so schon sagt: In der Pharmawelt sieht man sich ja immer zweimal! Und

wenn nicht, dann eben in Adrians Wald.

An meine Freunde — the true loves of my life: Was fiir eine Reise! Ihr habt mir gezeigt, dass ihr in allen
Lebenslagen an meiner Seite steht. Thr habt mich motiviert & mir zugehort, obwohl ihr wahrscheinlich
nicht einmal wusstet, was eine Zellkulturflasche ist. Ich bin euch zutiefst dankbar, dass ihr wihrend der
gesamten Promotion meine Freunde geblieben seid und wir weiter zusammenwachsen konnten. Danke,
dass ihr mir beigebracht habt, stolz auf mich zu sein, und dass es in Ordnung ist, auch mal Pausen
einzulegen. Danke, dass ihr jedes kleine Hoch mit mir gefeiert habt und in jedem Tief keinen Nanometer

von meiner Seite gewichen seid. Das Leben ist so viel schoner mit euch und mein Herz so viel grofer

50



Acknowledgments

durch euch. Tara, Karun, Halime, Leti, Kevin, Robert, Tici, Julia, Riki, Edi, Paula und Laura — ich

freue mich auf einen weiteren neuen Lebensabschnitt mit euch.

Sarah, meine kleine Schwester — die weit mehr ist als nur das. Danke, dass du uns im Projekt so
selbstverstindlich und tatkréaftig unterstiitzt hast. Spétestens als du bei Karin im Biiro sait und uns die
Datenprisentiert hast, war mir klar, dass du ziemlich was draufhast! Ich glaube, dir ist gar nicht bewusst,
wie wertvoll dein Wissen und Koénnen sind — und wie groBartig du in deinem Fachgebiet bereits bist.
Nicht jede Masterstudentin hat schon mehrere Publikationen. Sei stolz- ich bin es ja auch schon auf dich
und froh dich als Schwester zu haben. Lass dich auf deinem Weg nach oben nicht von den Ménnern in
deinem Fachgebiet unterkriegen. Ich bin gespannt, wohin dein Weg dich noch fiihrt. Gehe ihn so wie es
sich fiir dich gut anfiihlt und du dir stets treu bleibst. Ich werde immer da sein, am Seitenrand, um dich

anzufeuern und im Ziel mit dir zu Feiern!

Zum Schluss danke ich den zwei Menschen, die mir nicht nur das Leben geschenkt haben, sondern mich

bis zum Abschluss meiner Promotion begleitet und unterstiitzt haben:

Mama und Papa — ich habe fertig! Danke, dass ihr mich immer bedingungslos geliebt, finanziell
unterstiitzt und an mich geglaubt habt. Thr seid meine groten Fans — und ich bin unfassbar dankbar
dafiir. Ich frage mich oft, wie es moglich ist, dass ich als Kind mit Migrationshintergrund heute zu den
<1 % gehore, die einen Doktortite]l in der Hand halten. Irgendetwas habt ihr grundlegend richtig gemacht
— nicht nur in meiner Kindheit, sondern auch in meinem Erwachsenenalter. Ihr habt mich mit so viel
Selbstverstindlichkeit durch meine schulische und akademische Laufbahn getragen, dass ich meine
Dankbarkeit kaum in Worte fassen kann. Ohne Eure starken Schultern und die feste Basis, die ihr mir
gegeben habt, wire ich heute nicht hier. Danke!

51



10.Appendix

10.1. Abbreviations

ACT
APC
BMDM
ES

GEF
GTPase
HCC
KD

KO
MAPK
MITF
MLIV
mTOR
NAADP
NSCLC
PAMP
PI(3,5)P:
PRR
ROS
TCR
TFEB

TLR

Adoptive cell therapy
Antigen-presenting cell
Bone-marrow-derived macrophage
Endolysosomal system

Guanine nucleotide exchange factor
Guanine-triphosphatase

Hepatocellular carcinoma

knockdown

knockout

Mitogen-activated Protein Kinase
Microphthalmia-associated transcription factor
Mucolipidosis Type IV

Mechanistic target of rapamycin
nicotinic acid adenine dinucleotide phosphate
non-small-cell lung carcinoma
Pathogen-associated molecular patterns
phosphatidylinositol 3,5-bisphosphate
Pattern recognition receptor

Reactive oxygen species

T cell receptor

Transcription factor EB

Toll-like receptor
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TME

TPC

Appendix

Tumour microenvironment

Two-Pore Channel

TRPML  Transient Receptor Potential Mucolipin

WT

Wild-type
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