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Introduction: Hepatocellular carcinoma (HCC) remains a major global health

challenge, characterised by limited therapeutic options and high mortality rates.

Despite significant progress in systemic and immune-based therapies, many

patients develop resistance or fail to respond, highlighting the need for new

molecular targets. Lysosomal ion channels have recently emerged as important

regulators of cancer biology; however, their involvement in tumour–immune

interactions is still poorly understood.

Methods: To investigate the role of the endolysosomal two-pore channel 2

(TPC2) in HCC, we employed genetic and pharmacological approaches,

including TPC2 knockout (KO) and pharmacological inhibition using SG094.

Functional analyses combining co-culture assays with CD8⁺ T cells, flow

cytometry, and multi-omics profiling were conducted to assess the impact of

TPC2 modulation on immune regulation, metabolic reprogramming, and

intracellular signalling. Combination studies using SG094 and the immune

checkpoint inhibitor Nivolumab were performed in vitro to evaluate

synergistic effects.
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Results: Loss or inhibition of TPC2 enhanced CD8⁺ T cell-mediated cytotoxicity

by increasing MHC-I and reducing PD-L1 expression both in vitro and in vivo.

Combined treatment with SG094 and Nivolumab further augmented CD8⁺ T cell

cytotoxicity compared with single-agent immune checkpoint blockade. Multi-

omics analysis revealed that TPC2 KO disrupted amino acid metabolism,

glycolysis, and protein translation, resulting in reduced ERK1/2 expression and

impaired MAPK signalling. These metabolic and signalling alterations were

associated with decreased tumour proliferation and increased MHC-I

surface expression.

Discussion: Our findings identify TPC2 as a dual regulator of tumour-intrinsic

signalling and immune evasion in HCC. By modulating oncogenic MAPK activity

and antigen presentation pathways, TPC2 influences both cancer progression

and responsiveness to immunotherapy. Targeting TPC2 therefore represents a

promising strategy to enhance immune checkpoint inhibitor efficacy in

hepatocellular carcinoma.
KEYWORDS

lysosomal ion channels, HCC, immune evasion, TPC2, cancer, MAPK signalling,
immune checkpoint
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1 Introduction

HCC is the most common form of primary liver cancer,

accounting for approximately 90% of all cases. It remains one of

the leading causes of cancer-related mortality worldwide, with an

estimated 850,000 new cases diagnosed annually (1). Well-

established risk factors include chronic infection with hepatitis B

or C viruses, excessive alcohol consumption, and dietary exposure

to aflatoxin B1 (2). More recently, the increasing incidence of non-

alcoholic steatohepatitis (NASH) has emerged as a major

contributor to HCC development, particularly in Western

countries (3).

Despite advances in the molecular characterization of HCC,

many of the most prevalent genetic alterations, including mutations

in TP53, CTNNB1, and AXIN1, remain challenging to target

therapeutically (4). Consequently, systemic treatment options are

limited. First-line therapies have traditionally included multikinase

inhibitors such as sorafenib and lenvatinib, while second-line

options comprise regorafenib, cabozantinib, and ramucirumab

(5). Immune checkpoint inhibitors have recently transformed

HCC treatment, with the combination of atezolizumab and

bevacizumab demonstrating improved survival outcomes and

receiving FDA and EMA approval (5). However, response rates

remain suboptimal, and many patients develop resistance. This

highlights the urgent need to identify novel and druggable targets to

improve treatment efficacy in HCC.

In recent research the endolysosomal system (ES) emerges as

key cellular compartment by which cells sustain multiple cancer

hallmarks (6). Among the central lysosomal regulators, TPC2, a

Ca²+- and Na+-permeable cation channel, has been increasingly

recognised as a multifaceted contributor to tumour progression,

including cancer proliferation, metabolism, migration, and

angiogenesis (7–12). Lately, we identified GTPase Rab7 as an

enhancer of TPC2 channel activity in melanoma, providing first-

line evidence for a Rab7/TPC2/Wnt signalling axis that drives

tumour growth, migration, and dissemination (12). TPC2 also

regulates cell motility and vascularisation. Nguyen et al. identified

TPC2 as a modulator of b1-integrin recycling, affecting migration

and invasion (8), while Favia et al. showed that TPC2 promotes

VEGF-induced angiogenesis via a VEGFR2/NAADP/TPC2/Ca²+

pathway in vitro and in vivo (9, 10). Complementary to this and

most importantly, our lab has also recognized a reduction in cancer

proliferation after loss of TPC2 function in HCC models (12, 13).
Abbreviations: GO, Gene ontology; GSEA, Gene set enrichment analysis; HCC,

Hepatocellular carcinoma; ICI, Immune checkpoint inhibitor; IHC,

Immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes;

KO, Knockout; MHC-I, Major histocompatibility complex-I; NAADP, Nicotinic

acid adenine dinucleotide phosphate; PCA, Principal component analysis; PD-L1,

Programmed Death-ligand 1; RNA-seq, RNA Sequencing; ROS, Reactive oxygen

species; SEM, Scanning electron microscope; TCA, Tricarboxylic acid cycle;

TPC2, Two-Pore channel 2; TRPML1, ML1; TRPML1, Transient receptor

potential mucolipin 1; VEGFR, Vascular endothelial growth factor receptor;

WT, Wild type.
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Beyond its tumour-intrinsic functions members of the TPC

family may also influence immune evasion mechanisms in cancer

(14). TPC2, for example, regulates inflammatory leukocyte

recruitment and adhesion through P-selectin trafficking (15, 16)

and plays a role in phagosome scission from the plasma membrane

(17). TPC2-mediated Ca²+ release has been shown to support T cell

cytolytic exocytosis, while TPC1 regulates histamine secretion in

mast cells in vivo and ex vivo (18, 19). Moreover, lysosomal

degradation of MHC-I, a process in which TPC2 may be

involved, has been associated with reduced CD8+ T cell

recognition and diminished immunotherapy efficacy (20, 21).

Lysosomal pathways, including those influenced by TPC2, also

modulate immune checkpoint expression such as CTLA-4 and

PD-L1 (22, 23). In HCC, PD-L1 overexpression poses a

therapeutic challenge due to its contribution to immune evasion

within an immunosuppressive tumour microenvironment (24).

Despite the clinical availability of immune checkpoint inhibitors

(ICIs), many patients exhibit primary or acquired resistance (25,

26). Altered PD-L1 regulation, impaired antigen presentation, and

immune-excluded phenotypes are key barriers to effective

immunotherapy. Identifying regulators of PD-L1 trafficking and

degradation, particularly within the lysosomal compartment (23,

27), may therefore offer new opportunities to enhance

ICI responsiveness.

While the immunomodulatory functions of TPC2 have been

increasingly recognised in melanoma, its role in HCC remains

largely uncharacterised. Moreover, it is still unclear whether TPC2

or the related lysosomal calcium channel TRPML1 serves as the

dominant regulator of tumour proliferation, metabolism, and

immune evasion. Understanding which of these ion channels

exerts primary control over lysosome-dependent cancer pathways

is essential for identifying more selective and effective therapeutic

targets. This study addresses this critical gap by systematically

investigating the role of TPC2 in HCC, with a particular focus on

its contribution to immune evasion, tumour growth, and metabolic

reprogramming. In doing so, we relate our findings to existing data

in melanoma and include a comparative analysis with TRPML1,

confirming that the phenotypes observed are TPC2-specific and not

the result of general lysosomal calcium flux disruption.
2 Methods

2.1 Cell lines and culture

RIL175 cells were provided by Prof. Simon Rothenfußer (CIPS-

M, LMU Munich, Germany, 2016) (28). RIL175 TPC2 and

TRPML1 KO cells were generated by our group (13, 29). Hep3B

cells were obtained from the Leibniz Institute (ACC 93, 2015), and

KOs were generated as described in this method section. HepG2

were purchased from DSMZ (German Collection for

Microorganisms and Cell cultures) and Huh-7 cells from Japanese

Collection of Research Biorescources (JCRB). B16F10luc cells were

obtained from ATCC (CRL-6475-LUC2, 2022) and TPC2 and

TRPML1 KO cells were generated as previously described (12,
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30). SkMel5 WT and KO cells were provided by Prof. Christian

Grimm (Walter-Straub-Institute of Pharmacology and Toxicology,

LMU Munich, Germany, 2018). Jurkat cells were obtained from

ATCC (TIB-152, 2017). RIL175, Huh7, HepG2 and SkMel5 were

cultivated in Dulbecco’s modified Eagle’s medium (DMEM)

(Anprotec, #AC-LM-0012) supplemented with 10% fetal calf

serum (FCS) (Anprotec, #AC-SM-0027) at 37 °C, 5% CO2. For

B16F10luc, Jurkat and Hep3B Roswell Park Memorial Institute

(RPMI) 1640 medium (PAN-Biotech, P04-18500) supplemented

with 10% FCS was used. None of the cell lines used are listed in the

database of commonly misidentified cell lines maintained by

ICLAC. All cell lines are proven to be mycoplasma-free quarterly

via MycoSEQ™ (Eurofins, Munich, latest May 2025).
2.2 Generation of TPC2 and TRPML1
CRISPR/Cas9 knock out cell lines

The TPC2 and TRPML1 KO in Hep3B cells was conducted with

the CRISPR/Cas9 system as described earlier (31). To do so, we

deleted exon 2 of the TPCN2 or MCOLN1 gene. Single guide RNAs

(sgRNAs) (Supplementary Table S2) were cloned into the pSpCas9

(BB)-2A-GFP (PX458) plasmid (Addgene, #48138). The plasmids

were transformed into competent DH5a-E.coli and subsequently

prepared using the QIAGEN Plasmid Maxiprep Kit according to

the manufacturer’s instructions. We then confirmed correct

insertions by sequencing from the U6 promotor. After successful

confirmation, Hep3B WT cells were transfected with both plasmids

according to the Lipofectamine™ 3000 (Invitrogen) manufacturer’s

instructions followed by single cell sorting (Cell Sorter BD

FACSAria Fusion) into 96-well plates and subsequent clonal

expansion. Successful exon 2 deletion was confirmed by standard

PCR (Thermo Scientific Phusion Green Hot Start II High-Fidelity

Polymerase, Thermo Fisher), agarose gel analysis and

Sanger sequencing.
2.3 siRNA knockdown

TPC2 and TRPML1 siRNA knockdowns were generated to

investigate the cellular differences human HCC cell lines Huh7 and

HepG2. 0.5 Mio cells/well were seeded in a 6-well plate in their

culture medium 24 h prior to transfection. On the day of

transfection, cells were washed once with sterile PBS and the

culture medium was replaced with 2 mL of prewarmed

OptiMEM-medium just before the addition of the siRNA-lipid

complexes. siRNA-lipid complexes were prepared according to

the Thermofisher manufactor’s protocol using twice the amount

of the transfection reagent Lipofectamine™ RNAiMAX (Cat#:

13778-100) and siRNAs at a total final concentration of 20 nM

(non-targeted siRNA, TPCN2 (h) siRNA, or MCOLN-1 (h)

siRNA). 4h after addition of the complexes OptiMEM medium

was replaced with growth medium and cells were left for incubation

for 48 h. Knockdown efficiency was determined via RT-qPCR.

GAPDH served as a housekeeping gene.
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2.4 Animal experiments

All animal experiments were approved by the District Government

of Upper Bavaria, in accordance with institutional guidelines and the

German Animal Welfare. Mice were kept in a temperature-controlled

facility with a usual 12 h/12 h light and dark schedule. Humidity was

kept at 60% and the room temperature at 22 °C, both of which were

continuously monitored by operating technology. Light intensity in the

facility was kept at around 120 lux and in the racks at around 40–60

lux. Mice were maintained in a group of four/five in cages that can be

ventilated individually, and which had an area of 700 cm2 (IVC, Type 2

long, System Techniplast). In total, 48 C57Bl/6-Tyr mice (Envigo),

female, 5 weeks old, were used for intravenous injection of 2,000,000

B16F10luc/RIL175 WT, TPC2 KO, or TRPML1 KO cells

subcutaneously into the right flank. For tumour dissemination assay

a total of 20 C57Bl/6-Tyr mice (Envigo) were injected with 200,000

RIL175 WT or TPC2 KO cells into the tail vein. Bioluminescence

images were conducted using the IVIS Lumina system (PerkinElmer)

on day 2, 5, 7, 9, 12 and 14 after intraperitoneal injection of 6 mg/mL

luciferin per mouse. The tumour signal per defined region of interest

was calculated as photons/second/cm (total flux/area) using the Living

Image 4.4 software (Perkin Elmer). In vivo experiments were

terminated on day 14 through and tumours were dissected, washed,

photographed and weight. One half of the tumour was snap frozen in

liquid nitrogen; the other half was fixed in 4% PFA. Animals were used

under animal protocols approved by the government (Regierung von

Oberbayern, ROB-55.2-2532.Vet_02-22-5, ROB-5.1-231 5682/LMU/

BMC/CAM), and University of Munich (LMU) Institutional Animal

Care Guidelines.
2.5 Immunohistochemistry

Tumour halves were fixed in 4% PFA (5 days, 4 °C), 1% PFA (2

days, 4 °C) and 70% EtOH (2 days, 4 °C) before proceeding with

paraffin embedding. The tumours were then embedded in paraffin

using an embedding centre (TN1700, Tanner Scientific). Paraffin-

embedded tumours were sectioned into 10 μm thick slices using a

microtome (HM355, Thermo Scientific). Duplicate sections were

mounted onto glass slides.

2.5.1 H&E staining
For H&E staining tissue sections were deparaffinized and

rehydrated through a series of xylene and ethanol washes

according to the manufacturer’s protocol (abcam, H&E staining

kit, ab245880). Sections were stained in Mayer’s Haematoxylin

solution for 30 seconds, dipped in Bluing agent and

counterstained in Eosin solution for 1 min. Before sealing slides

where washed and dehydrated through a series of dips in ethanol

and finally xylene.

2.5.2 DAB staining
For staining tissue sections were deparaffinized and rehydrated

through a series of xylene and ethanol washes. Antigen retrieval was

performed by incubating the sections in citrate buffer (pH 6.0) at 95
frontiersin.org
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°C for 10 min. Endogenous peroxidase activity was quenched by

treating the sections with 7.5% hydrogen peroxide for 10 min at RT.

Primary antibodies were diluted accordingly in SignalStain®

Antibody Diluent (Cell Signaling Technology (CST), #8112S) and

applied overnight at 4 °C: anti-CD8a (CST, #98941S, diluted 1:800),

anti-PD-L1 (Cell Signaling Technology, #64988T, diluted 1:200),

anti-MHC Class I (CST, #76828S, 1:250). The following day,

sections were washed with phosphate-buffered saline (PBS, Sigma

Aldrich, D8537) and incubated with SignalStain® Boost Detection

Reagent (HRP, rabbit) (CST, #8114P) for 30 min at RT. After final

washing steps, SignalStain® DAB Substrate Kit (CST, # 8059P) was

added to each section and monitored closely until acceptable

staining was obtained. Subsequently slides were immersed in

water and stained with Hematoxylin (abcam, ab245880) for 2

min. After rinsing with water for 10 min tissue sections were

mounted using FluorSave™ mounting medium (Merck, #345789)

and coverslipped. Imaging was performed using an EVOS M5000

microscope (Thermo Fisher Scientific). Quantification and

evaluation of PD-L1 and MHC-I stained tissue was conducted

using the IHC profiler plugin in ImageJ according to Varghese

et al. (32). Quantification of CD8+ positive cells was conducted

using QuPath software (version 0.4.4).
2.6 Proliferation assays

2.6.1 CellTiter-Blue assay
CellTiter-Blue assay was performed to determine cell

proliferation of WT and KO cells. Therefore, 2,000 cells/well

(RIL175, B16F10luc) or 5,000 cells/well (Hep3B, Skmel5) were

seeded into a 96-well plate each using a multichannel pipette.

Cells were left for incubation for 24h time periods at 37 °C (5%

CO2). For measurement CellTiter-Blue reagent (Promega, G8080)

was added in a 1:5 ratio. Cells were left for incubation for two hours

at 37 °C (5% CO2). Then, fluorescence was measured by using the

Tecan Spark® Multimode Microplate Reader (Tecan, Männendorf,

Switzerland) at 550 nm excitation and 595 nm emission wavelength.

Relative proliferation was calculated the following way:

rel :   proliferation =  
x − zero   value

Ctrl − zero   value
2.6.2 Impendence measurement
Additionally, we used the xCELLigence RTCA device (ACEA

Biosciences, San Diego, United States) to determine the doubling

time and the cell index, a dimensionless parameter that is

proportional to the cell number. Both can be determined through

impedance measurement. Therefore, Hep3B, RIL175, Skmel5 or

B16F10luc WT and KO cells were seeded into an equilibrated 16-

well E-plate. Slopes were calculated using the xCELLigence RTCA

software (ACEA Biosciences) for each cell line until reaching the

plateau phase using equation:

Slope   (
1
h
) =  

cell   index − intercept
time   (h)
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2.7 Colony formation assay

Cells were seeded at a density of 2,000 cells/well (RIL175,

B16F10luc) or 5,000 cells/well (Hep3B, Skmel5) of a 6-well plate

and incubated for 7 days. Cells were fixed (4% PFA, 10 min, RT)

and stained with crystal violet solution for 10 min at RT. Excess

crystal violet solution(Sigma Aldrich, V5265-500ML) was removed

with water and the plate was dried overnight. Subsequently, plates

were imaged using the ChemiDoc™ Touch Imaging System (Bio-

Rad) and colony size and formation was analysed using ImageJ by

converting images to 8-bit, adjusting the threshold, and creating a

selection to calculate the colony size and amount.
2.8 Confocal images

All confocal images were collected on a Leica DMi8 inverted

scanning microscope (Leica, Wetzlar, Germany). Cells were grown

in collagen-coated 8-well μ-slides (ibidi) overnight, fixed (4% PFA,

10 min, RT) and permeabilized (0.5% Triton-X in PBS, 10 min, RT;

no permeabilization for MHC-1 and PD-L1 staining). Unspecific

binding sites were blocked with 1% BSA in PBS (2 h, RT). After

incubation with primary antibodies (overnight, 4 °C) and secondary

antibodies (1 h, RT), cells were washed, mounted with FluorSave™

mounting medium (Merck Millipore, #345789), covered with glass

cover slips, and imaged. Nuclei were stained with Hoechst 33342

(Sigma Aldrich, H3570). For LysoTracker stainings, cells were

stimulated with LysoTracker Red (200μM, Thermo Fisher

Scientific, L7528) and Hoechst 3342 for 30 min at RT,

subsequently fixed (4% PFA, 10 min, RT), washed twice with

PBS, mounted with FluorSave™ mounting medium (Merck

Millipore, #345789) and imaged immediately.
2.9 pH-sensor measurements

To determine cell line specific stimulation conditions, the

biocompatibility of the pH sensors was assessed via CellTiter-Glo

assay prior to pH sensor measurements. Subsequently uptake

efficiency in each cell line was quantitively analysed via flow

cytometry. Therefore, cells were incubated with 0.05 mg/mL pH

sensors for 0, 15, 30, 60, 120, and 360 minutes and their

internalization were measured in all experimental conditions. Then,

calibrations of pH sensor microparticles were performed at the

beginning of each timelapse experiment for intracellular pH

monitoring. To do this, pH sensors were exposed to different pH-

adjusted cell media (range 4.0– 7.0) and acquired, along the z-axis,

under controlled temperature (37 °C) and 5% CO2. After all

preliminary assessments cells were seeded into an 8-well ibidi, left

for incubation for 24h and exposed to pH-sensors. At different time

points (0, 15, 30, 60 min) cells were fixed with PFA 4%, permeabilized

with Triton X-100 0,1%, and incubated with Rabbit anti-LAMP1

(abcam, #278043) over night. Then, cells were incubated with Goat

anti-rabbit 647 (Invitrogen, A21245) secondary antibody for 1h.

Once the co-localization was confirmed, endo-lysosomal pH
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dynamics in each cell line was determined. Time-lapse experiments

were conducted over 15 h via CLSM under controlled temperature

and 5%CO2 tomonitor cell uptake of the pH sensors and record their

internalization over time. Computational analyses were applied to

allow real-time tracking of pH sensor particles as previously described

(33). The whole detailed methodology can be found in the

Supplementary Methods.
2.10 Seahorse assay

Before cell seeding, the XFe96 microplate (Agilent

Technologies) was coated with a collagen G solution (0.001% in

PBS) for 30min at 37 °C 5% CO2. Subsequently, collagen G coating

solution was removed, and wells were rinsed with sterile water. For

comparison of WT and KO cells, cells were seeded at a density of

100,000 cells per well and allowed to settle for 4 h in assay medium

without glucose (Agilent Technologies, 103575-100). The culture

media were replaced with glucose-free assay media (DMEM, HEPS,

pH7.4) supplemented with 2 mM glutamine and incubated for 1 h

in a CO2-free incubator before measurement. The Seahorse XFe96

sensor cartridge was hydrated according to the manufacturer’s

instructions. Extracellular flux analysis was performed as

indicated by the manufacturer on a Seahorse XFe96 Analyzer

(Seahorse Bioscience Inc., Santa Clara, CA, USA) according to the

manufacturer’s instructions. Assays were performed according to

Seahorse protocols with final concentrations of 5 mM glucose, 5 mM
oligomycin, and 50 mM 2-deoxy-D-glucose (2-DG).
2.11 Western blot analysis

Cells were either treated as indicated (with SG-094 or TPC2-

A1-P) or left untreated, trypsinized and washed twice with ice-cold

PBS. Cells were lysed in detergent-containing buffer (1% NP-40,

0.1% SDS, 0.25% deoxycholate, 150 mM NaCl, 50 mM Tris-HCl in

deionized water; pH 7.5) to obtain whole-cell lysates. Protease

inhibitor cOmplete (Sigma Aldrich, 11697498001) was added

directly before use. Protein content was analysed by Bradford

assay against a BSA standard curve by measuring absorbance at

592 nm on a plate reader. Adequate amounts of 5x sample buffer

(3.125M Tris-HCl (pH 6.8), 50% glycerol, 5% SDS, 2% DTT,

0.025% Pyronin Y) and 1x sample buffer were added to adjust

protein concentrations. Samples were applied to SDS-PAGE at

100 V for 21 min and subsequently at 200 V for 40 min.

Successful protein loading was determined using stain-free

technology and images were acquired on a ChemiDoc™ imaging

system (Bio-Rad Laboratories, Hercules, CA, USA). The Trans-Blot

Turbo™ (Bio-Rad) system was used to transfer proteins to 0.45μm

NC membranes (Bio-Rad, #1620115). Membranes were washed

with TBS-T and blocked with EveryBlot Blocking Buffer (Bio-Rad,

#12010020),. Proteins were detected with specific primary

antibodies, namely ERK1/2 (CST, #9102, 1:1000), pERK1/2 (Cell

Signaling Technology (CST), #9106, 1:1000), JNK (Cell Signaling

Technology (CST), #9252, 1:1000), pJNK (Cell Signaling
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Technology (CST), #9251, 1:1000), HLA class I (Cell Signaling

Technology (CST), #76828, 1:1000), PD-L1 (Cell Signaling

Technology (CST), #13684, 1:1000), c-jun (Cell Signaling

Technology (CST), #9165, 1:1000), phosphor-c-jun (Cell

Signaling Technology (CST), #3270, 1:1000) and corresponding

HRP-coupled secondary antibodies using Clarity™ Western ECL

Substrate (#1705060, Bio-Rad). Membranes were imaged using a

ChemiDoc Touch imaging system (Bio-Rad). Data were processed

in ImageLab (Bio-Rad), and protein band intensities were

normalized to protein amount on the gel (stain-free detection).

Full and uncropped blots are supplied as Supplementary Data.
2.12 Real-time quantitative PCR

Total RNA was extracted from cellular samples using the

RNeasy Mini Kit (Qiagen, 73404) following the manufacturer’s

protocol. After centrifugation, cells were washed twice with ice-cold

PBS and resuspended in ice-cold RLT buffer supplemented with 40

μMDTT (R0861, Thermo Fisher). The concentration of the isolated

mRNA was quantified using a Nanodrop Spectrophotometer.

Subsequently, 2000 ng of RNA was reverse transcribed into

cDNA using the High-Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Waltham, MA, USA) in accordance with the

supplier’s guidelines. Quantitative real-time PCR (RT-qPCR) was

performed using PowerUp™ SYBR® Green Master Mix (Applied

Biosystems, A25776) in a reaction mixture containing 2 μl cDNA

(equivalent to 50 ng), 6.25 μl PowerUp™ SYBR® Green Master

Mix, 3.25 μl RNase-free water, and 0.5 μl (200 nM) of both forward

and reverse primers per well. The amplification reactions were

carried out on the QuantStudio™ 3 Real-Time PCR System

(Applied Biosystems), and relative gene expression levels were

analysed using the DDCT method (34). Actin was used as a

housekeeping gene. Primers (Supplementary Table S2) were

purchased from Metabion (Planegg, Germany) and validated for

their specificity and efficiency prior to use.
2.13 Proteome analysis

Proteome analysis of RIL175 cells was performed as described

in Frey & Ouologuem et al. (30). Hep3B and B16F10luc cells were

lysed in 8 M Urea/50 mMNH4HCO3 in water using ultrasonication

(Sonopuls GM3200, BR30, Bandelin, Berlin, Germany). Protein

concentration was determined using a Pierce 660 nm assay

(Thermo Fisher Scientific). After reduction and alkylation,

samples were digested with LysC (1:100 enzyme:protein) for 4 h

at 37 °C, and after dilution to 1M urea with 50 mM NH4HCO3 in

water to 1 M Urea, trypsin was added (1:50 enzyme:protein) and

samples were digested over night at 37 °C.

For mass spectrometry analysis a timsTOF HT mass

spectrometer coupled with a nanoElute 2 LC system (both Bruker)

was used. For each sample, 500 ng of peptides were injected and

separated at 250 nL/min using Aurora Ultimate CSI (25 cm x 75 μm,

IonOpticks) with the following eluents: 0.1% formic acid in water as
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eluent A and 0.1% formic acid in acetonitrile as eluent B. The

separation method consisted of an initial ramp from 2% eluent B

to 25% in 25 minutes followed by a 12 min gradient to 37%. MS

spectra were acquired with the dia-PASEF mode (21–25 m/z wide

windows and an ion mobility range of 0.85 and 1.27 1/k0). For

protein identification, DIA-NN 1.9 (35) and the murine or human

subset of the UniProtKB/Swiss-Prot database was used. Data analysis

and statistical evaluation was performed using R.

For gene set enrichment analysis (GSEA), the label-free

quantification data was log2 transformed, filtered for at least 4

valid values in at least one condition, and missing values were

imputed from a normal distribution (width = 0.3; down shift = 1.8).

The values were de-transformed and loaded into the GSEA and

KEGG software ShinyGO 0.76 (36, 37). As a pathway database “GO

Biological process” was selected, gene names were used without

collapsing. The number of permutations was 10000.
2.14 RNA sequencing

To obtain total RNA cells were washed twice with ice-cold PBS

and resuspended in ice-cold RLT buffer supplemented with 40 μM

DTT (R0861, Thermo Fisher). Subsequently, RNA was extracted

from cellular samples using the RNeasy Mini Kit (Qiagen) following

the manufacturer’s protocol. The concentration of the isolated

mRNA was quantified using a Nanodrop Spectrophotometer.

RNA Sequencing was performed by Novogene (Planegg, Germany).

2.14.1 RNA-seq alignment and read counting
The quality of the reads was checked using FastQC (v0.12.1)

and MultiQC (v1.0dev0) (38). The reads were aligned using STAR

(v2.7.10b) (39). First, the index was created with the parameter

sjdbOverhang set to 149. Afterwards, the human data was aligned to

genome GRCh38 (40) (ENSEMBL release 113). The mouse reads

were aligned to GRCm39 (41) (ENSEMBL release 113). The reads

were counted using featureCounts (v2.0.1).

2.14.2 Differential gene expression
Differential Gene Expression Analysis was carried out using

DESeq2 (42) (v1.44.0). Before running DESeq2, genes with a sum of

less than 10 counts over all samples were filtered out. The resulting

log-fold changes were shrunk using the lfcShrink function with the

parameter type set to apeglm.

2.14.3 Gene set enrichment analysis
Gene Set Enrichment Analysis was done using clusterProfiler

(43)(v4.12.6). The log-fold changes from the Differential Gene

Expression analysis were sorted decreasingly and given as input to

the gseGO function. The parameterOrgDbwas set to org.Hs.eg.db, ont

to BP, keyType to ENSEMBL, and the pvalueCutoff to 0.05.
2.15 Isolation of CD8 T cells from spleen

Spleens were obtained from C57Bl/6 mice and collected in ice-

cold PBS immediately after mouse sacrifice. Single-cell suspensions
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of these organs were obtained using a gentleMACS dissociator

(Miltenyi Biotec B.V.) and filtered through a 70 mm-pore cell

strainer (Greiner, Bio-one). Single-cell suspensions were

centrifuged (5 min, 500 g, 4 °C). Subsequently primary murine

CD8+ T cells were isolated via magnetic bead separation with the

CD8a+ isolation kit (130-104-075, Miltenyi Biotec B.V.) according

to manufacturer’s protocol. After magnetic labelling and

subsequent cell separation, cells were resumed in media, counted

and seeded into a 6-well format (0.5Mio cells/mL). The purity of

isolated CD8+ T cells was assessed by labelling with CD8-specific

antibodies followed by flow cytometry analysis.
2.16 Co-culturing assay

Co-culture experiments were performed in 24-well plates without

inserts. RIL175 cells (2 × 105) or Hep3B cells (3 × 105) were seeded in

their respective growth media for 24 h. Jurkat cells were activated by

adding T Cell TransAct™ (Miltenyi Biotec B.V., 130-111-160) and

human recombinant IL-2 (Miltenyi Biotec B.V., 130-097-742)

according to manufacturer’s protocol. Isolated CD8+ T cells were

activated with T cell activation/expansion Kit, mouse according to

manufacturer’s protocol (Miltenyi Biotec B.V., 130-093-627). After

24 h, media of cancer cells was changed to RPMI (+10% FCS) and

murine CD8+ T cells or Jurkat cells were added directly to tumour cells

in a 1:5 ratio. For combination therapy assay, cells were stimulated with

10μM SG094, 1.5 ng/mL Nivolumab and 40μg/mL Atezolizumab in

the respective combinations 2 h after co-culturing. Tumour cells and T

cells were left for co-cultivation for 24 h in total. Later, T cells were

harvested for flow cytometry and media was harvested for

Legendplex™ assay.
2.17 Flow cytometry

To determine lysosomal volume or pH, cells left untreated and

loaded with 200 nM LysoTracker Red (Invitrogen, L7528) at 4 °C or

with 1 μM LysoSensor Green (Invitrogen, L7535) at 37 °C for

30 min and subsequently washed and resuspended in ice-cold

PBS. Fluorescence intensity LysoTracker Red was analysed using

the PI channel, and fluorescence intensity of LysoSensor Green was

analysed using the FITC channel. Before harvesting cells to

investigate MHC-1, PD-L1, CD80 and CD86 surface levels cells

were left untreated or treated with SG-094 and TPC2-A1-P as

indicated. After harvesting, cells were washed with PBS twice, fixed

with 4% PFA (10 min, RT), blocked with 1% BSA (10 min, 4 °C) and

incubated antibody solution for 30 min at 4 °C in the dark.

Respective antibodies: FITC anti-human CD274 (BioLegend,

#393605), APC anti-human HLA-A,B,C (BioLegend, #311409),

APC anti-mouse CD274 (BioLegend, #124311), PE anti-mouse

H-2Db Antibody (Miltenyi Biotec B.V., #130-128-078).

Subsequently cells, were washed with PBS twice and resuspended

in PBS. All flow cytometry experiments named above were

performed on a AttuneNxT (ThermoFischer). Data were

evaluated using FlowJo 10.0.
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2.18 Legendplex™ mouse inflammation
panel (13-plex)

Supternatants from co-culturing experiments were analysed via

Multiplex analysis via flow cytometry with the Legendplex™Mouse

Inflammation panel (13-plex) (BioLegend, 740150). Samples were

prepared according to manufacturer’s protocol. Therefore,

supernatant from the coculturing assay was harvested by

centrifuging (10,000 rpm, 5 min, RT) and transferring to a new

Eppendorf tube. Then, 25μL of Assay buffer was added to each well,

subsequently 25μL of each standard or each sample was added to

the assigned wells. After adding 25μL of mixed beads, the plate was

sealed with a plate sealer, covered in aluminium foil and placed on a

plate shaker (800 rpm, 2 h, RT). Then, the plate was centrifuged

(250 g, 5 min, RT) and the supernatant discarded by flicking

motion. Plate was washed once with 200μL washing buffer (800

rpm, 1 min, RT) and centrifugation step was repeated. Afterwards

25μL Detection Antibodies were added to each well, the plate sealed

and covered in aluminium foil and placed on a plate shaker (800

rpm, 1 h, RT). 25μL SA-PE were directly added to each well,

followed by an incubation time (800 rpm, 30 min, RT). After

centrifugation and washing, 150μL of washing buffer was added

and beads were resuspended by pipetting. Samples were directly

measured on an AttuneNxT (ThermoFischer). Evaluation was done

via LegendPlex Software (BioLegend, Version 2024-06-15).
2.19 Statistical analysis

All experiments were conducted at least three times

independently and data represents means ± SD, unless stated

otherwise. For quantification of images, at least 400 individual

cells have been analysed per biological replicate using ImageJ.

Unless stated otherwise, statistical significance was determined

with an unpaired t-test with Welch’s correction or ordinary one-

way ANOVA using GraphPad Prism 10.0, San Diego, USA. Results

were considered significant for p< 0.05.
3 Results

3.1 TPC2 KO impairs lysosomal properties
and acidification potential

To enable cross-species comparison, we established and

characterised TPC2 and TRPML1 KO cell lines in the human

hepatocellular carcinoma line Hep3B, complementing our existing

murine RIL-175 TPC2 KO model (13, 30) (Supplementary Figures

S1A-C). Given that both TPC2 and TRPML1 are lysosomal calcium

channels of distinct families implicated in cancer progression,

TRPML1 served as a comparative control to determine whether

observed effects are unique to TPC2 or reflect a broader lysosomal

calcium signalling phenomenon.

As TPC2 and TRPML1 primarily localise to lysosomes, we first

sought to characterise how their deletion alters lysosomal structure
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downstream effects on cancer progression. While prior studies

have linked TPC2 loss to increased lysosomal mass, its impact on

lysosomal pH and acidification capacity is still being debated in the

literature (12, 44, 45).

In line with a previous study by our lab (44), TPC2 KO cells

display significantly increased lysosomal size and mass across

multiple cell lines (Figures 1A-E). Additionally, the number of

lysosomes per cell was significantly elevated (Figures 1B, C).

Further, TPC2 KO cells exhibited reduced lysosomal acidity

compared to WT cells indicated by a decrease in LysoSensor

Green signal, whereas TRPML1 KO cells showed enhanced

acidification relative to WT and TPC2 KO cells (Figures 1D, E).

Yet, LysoSensor Green measurements have certain limitations

including non-ratiometric, non-quantitative pH detection,

susceptibility to photobleaching and cytotoxicity, restriction to

highly acidic compartments, and potential signal variability due

to dye leakage or lysosomal volume changes (46–48).

Thus, to accurately assess whether TPC2 influences endo-

lysosomal pH regulation, we synthesized ratiometric, silica-based

optical pH sensors (Figure 1F) via a one-pot bottom-up approach,

incorporating the pH-sensitive FITC probe and the reference dye

RBITC (Supplementary Figure S1D) (49–52). These particles were

uniform (Supplementary Figure S1D), showed excellent pH

responsiveness and reversibility across cycles (Supplementary

Figure S1D) and were biocompatible (Supplementary Figure S1E)

confirming their suitability for intracellular pH monitoring (53).

Notably, the percentage of RBITC-positive cells increases over time,

indicating successful uptake of the pH sensors in each cell line

(Supplementary Figure S1G). Specifically, Hep3B WT and KO cells

display a higher uptake efficiency compared to RIL175 WT and KO

cells (Figure 1G). Interestingly, within the same cell line, TPC2 KO

cells (37% for Hep3B and 55% for RIL175) exhibit increased uptake

compared to their WT counterparts (26% for Hep3B and 43% for

RIL175) (Figure 1G), suggesting a potential link between TPC2

function and particle internalization dynamics. In contrast, ML1

KO cells do not display enhanced uptake compared to WT,

suggesting that ML1 may play a less prominent or distinct role in

the internalization process compared to TPC2.

Additionally, the percentages of both FITC- and RBITC-

positive cells (Figure 1H) increase over time, reaching a peak at

120 minutes post-incubation before decreasing in each cell line,

likely due to sensor confinement into progressively more acidic

endosomal/lysosomal compartments, causing a decrease in FITC

fluorescence intensity. Additionally, CLSM micrographs

extrapolated from time-lapse experiments of 15 hours at the

initial time (Ti), intermediate time (Tint), and final time (Tf) for

each cell line (54). Specifically, before internalization (Ti),

extracellular pH sensors display a strong yellow fluorescence due

to the neutral pH of the cell medium. Notably, following the cell’s

internalization, the pH sensors display a strong red fluorescence

revealing confinement in intracellular acidic compartments (e.g.,

endosomes/lysosomes) (Supplementary Figure S1H).

Confocal imaging confirmed that internalized pH sensors co-

localize with LAMP-1–positive lysosomes, validating their
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FIGURE 1

Characterisation of lysosomal properties after TPC2 KO. (A) LysoTracker Red stainings of Hep3B and RIL175 cells. Nuclei are shown in blue (Hoechst)
(n=3). Representative images shown. Scale bar 10 µm. (B, C) Average lysosomal size and average number of lysosomes per cell from (a) were
determined using colour threshold in ImageJ. (D, E) Lysosomal mass determined by LysoTracker Red staining and lysosomal acidification by
LysoSensor Green staining for 2h, followed by subsequent flow cytometer analysis and evaluation of gMFI. All n=3. Statistical significance was
assessed by One-way ANOVA. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p<0.0001, ns = not significant. (F) Schematic illustration on pH sensor
functionalities. (G) Quantification of RBITC-positive cells, indicating total sensor uptake, extracted from dot plot analysis in (A). (H) Quantification of
dual-positive cells (FITC+/RBITC+), reflecting uptake of intact, functional pH sensors. Values are expressed as mean ± SE of three independent
experiments (n = 3). (I, J) Representative time-lapse tracking of individual pH sensor particles, illustrating dynamic changes in fluorescence
corresponding to intracellular acidification over time. Scale bars: 5 mm. (K) Acidification times across different cell lines. Outliers were determined via
ROUT Q=1%. Graph shows mean ± SEM. Statistical significance was evaluated using a two-tailed Wilcoxon−Mann−Whitney test.
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specificity for tracking lysosomal acidification (Supplementary

Figure S1I). Time-lapse microscopy revealed distinct intracellular

acidification kinetics between TPC2 WT and KO cells. Using z-

stack acquisitions and prior sensor calibration (pH 4.0–7.0)

(Supplementary Figure S1G), we quantified the FITC/RBITC

fluorescence ratio over time, showing a slowed decrease in FITC

signal in TPC2 KO cells, indicative of impaired lysosomal

acidification (Figures 1I-K). A slower decrease in FITC signal was

also observed in ML1 KO cells compared to WT cells, for both

HEP3B (pvalue< 0.0001) and RIL175 (p=0.0004).

These findings demonstrate that TPC2 KO increases lysosome

size and number while impairing acidity, whereas TRPML1 KO

enhances acidification without consistent morphological changes.

Notably, TPC2 KO significantly delays lysosomal acidification in

Hep3B cells but not in RIL175 cells, highlighting a cell line-

dependent effect. These findings support a role for TPC2 in

regulating lysosomal Ca²+ and H+ homeostasis, with high-

resolution pH sensor data confirming the robustness of

these observations.
3.2 Knockout of TPC2 drastically reduces
cancer cell growth in vivo

We then sought to investigate the magnitude of proliferation

impairment upon TPC2 deletion in our model. We show that loss of

TPC2 function has a strong effect on cancer proliferation

(Figures 2A-B, E, F, S2A-F) and colony formation (Figures 2C, D,

S2G, H). Whereas TRPML1 KO cells displayed a cell line dependant

inhibition of cell proliferation, in Hep3B cells TRPML1 KO reduced

the ability to form colonies (Figure 2C), whilst in RIL175 TRPML1

KO retained their ability to form colonies like WT cells (Figure 2D).

The anti-proliferative effect was observed in metabolism based

(Figures 2A, B, S2A, B), as well as impedance-based proliferation

measurements (Figures 2E-H, S2C-F), while TRPML1 KO shows a

minor effect in both methods.

In line with our in vitro data, tumour growth of TPC2 KO

tumours was significantly impaired, whereas TRPML1 KO tumours

showed no significant reduction compared to WT tumours in an

ectopic HCC model (Figures 2I-M). Notably, four mice initially

bearing TPC2 KO tumours, had no tumours left on day 14. Of note,

TPC2 KO cells disseminated less in periphery organs compared to

WT cells (Supplementary Figures S2I, J). In melanoma, we have

already shown that TPC2 KO leads to reduced tumour growth (12),

while we here show that TRPML1 KO did not show an effect on

tumour progression in melanoma (Supplementary Figures S2K-N).

Notably, a KO of TPC2 impacted tumour growth in melanoma less

than in HCC, whilst four tumours went into remission in HCC

none did in melanoma model. Also, average tumour weight of HCC

tumours on day 14 was 7.658 g, whilst melanoma tumours were

almost ten times heavier with 78.84 g (Figures 2K, S2N). These

findings confirm that TPC2 deletion significantly impairs cancer

cell proliferation and tumour growth, while TRPML1 KO has no

significant effect in vivo and the effect was more profound in HCC

than in melanoma. Further ex vivo tumour sections of TPC2 KO
Frontiers in Immunology 10
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tumours were characterised by high cell density and well-

distributed blood vessels throughout the tumour (Figure 2N).

Notably, the impact of TPC2 loss is strongly pronounced in

HCC, raising the question of whether its role in tumour

suppression extends beyond inhibiting proliferation alone.
3.3 TPC2 KO enhances CD8+ T cell
infiltration and cytotoxicity

To investigate whether TPC2 KO influences tumour

immunogenicity and immune evasion mechanisms, we analysed key

immune markers in vivo. On this note, immunohistochemistry (IHC)

revealed that TPC2 KO tumours exhibited significantly elevatedMHC-

I levels and significantly reduced PD-L1 expression compared to WT

tumours (Figures 3A, B). In contrast, TRPML1 KO tumours showed

no significant differences in MHC-I or PD-L1 expression relative to

WT tumours. Enhanced tumour cell recognition and elimination was

confirmed by significantly higher CD8a T cell infiltration in TPC2 KO

tumours, whereas TRPML1 KO tumours showed no significant

difference compared to WT (Figures 3A, C).

Additionally, we conducted in vitro co-culture assays combining

Hep3B cells with activated T cells and RIL175 cells with activated CD8+

T cells isolated from C57BL/6 mice (Figure 3D) to investigate changes

in cytotoxicity of CD8 T cells. After 24h of co-culturing TPC2 KO cells

showed less proliferation capacities compared to their control

(Figures 3E, F). Quantification of relative cancer cell proliferation in

co-culture with T cells confirmed these results as TPC2 KO cells

showed reduced proliferation capacities compared to the respective

WT cells after 72h (Figures 3G, H). Further T cells were analysed via

flow cytometry (Figures 3I, K, S3A-C), which revealed increased CD8

surface expression in T cells co-cultured with TPC2 KO cells compared

to WT controls (Figures 3I, H). Intracellular TNF-a levels remained

unchanged across all conditions (Supplementary Figures S3D, E).

Meanwhile intracellular IFN-g levels were elevated in T cells co-

cultured with WT and TRPML1 KO Hep3B cells (Figure 3J),

whereas in the RIL175 system, IFN-g levels were significantly

reduced in TPC2 KO-associated T cells but unchanged in WT

and TRPML1 KO condition (Figure 3L). These results suggest that

TPC2 deletion not only impairs tumour cell proliferation but also

reduces immune evasion by enhancing CD8+ T cell activation and

cytotoxic potential. This underscores the role of TPC2 as a modulator

of tumour immunogenicity, whilst TRPML1 shows no similar

immunological effect.

To evaluate cytokine secretion, we performed multiplex analysis

with the supernatants of the RIL175/CD8+ T cell co-cultures.

Consistent with the intracellular data, TNF-a secretion remained

unaltered (Supplementary Figure S3F). In contrast, IFN-g secretion
was significantly elevated in the TPC2 KO co-culture compared to

WT indicating higher cytotoxicity. TRPML1 KO co-cultures

showed no significant differences in IFN-g levels but exhibited

significantly increased IL-6 and CCL2 secretion compared to both

WT and TPC2 KO conditions (Figure 3M), suggesting a pro-

tumorigenic environment.
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FIGURE 2

Loss of TPC2 reduces cancer cell proliferation in vitro and tumour growth in vivo. (A, B) KO of TPC2 leads to significantly reduced cancer cell
proliferation monitored via CellTiter-Blue assay over 96h (n=5) (C, D) Colony formation in TPC2 KO cells significantly reduced over 5 days (n=3).
Scale bar 1cm. (E-H) Impendence measurements to determine cell index and doubling time over 92h (n=3). (E, F) XCelligence impedance
measurements over 92h. Cell index and calculated doubling time from impedance measurements of Hep3B (G) and RIL175 (H) cells. (I) Ectopic in
vivo tumour model (n=12 each group) shows significantly reduced TPC2 KO tumours. (J) Images of ex vivo RIL175 tumours after endpoint day 14.
Four mice from the RIL175 TPC2 cohort had no tumours left. (K) Tumour weights after endpoint day 14 show significant reduction in TPC2 KO
tumours. One mouse in the RIL175 ML1 KO cohort had to be terminated early, due to sickness. (L) Total flux on day 9. (M) Tumour size was
indirectly measured non-invasively via IVIS imaging over 14 days. Graphs show a significant reduction in tumour growth in TPC2 KO tumours.
Outliers were identified with ROUT, Q=1%. (N) IHC of WT, TPC2 KO and ML1 KO tumours from ectopic HCC tumour model displaying more blood
vessels in WT and ML1 KO tumours (black ellipses). Also, massive necrosis in TPC2 KO tumours, accompanied with elevated MHC-1 levels. Statistical
significance was assessed by two-way ANOVA Dunnett’s multiple comparisons test (a-d) or one-way ANOVA Dunnett’s multiple comparisons test *
p< 0.05, ** p< 0.01, *** p< 0.001, **** p<0.0001, ns, not significant.
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FIGURE 3

TPC2 KO sensitises cytotoxic CD8 T cells to tumour. (A) IHC staining of ex vivo tumours from ectopic in vivo experiment show elevated MHC1, (B)
reduced PD-L1 levels (B) and higher CD8 infiltration in TPC2 KO tumours (C). All tumours obtained from in vivo experiments (Figure 2) were stained
and whole tumour was imaged and analysed. % of CD8 positive cells was determined using positive cell selection in QuPath (0.4.4.). Scale bar
300µm. (D) Co-culturing experiment served as an in vitro method to reproduce in vivo settings. After 24h co-cultivation with Jurkat cells or T cells
(E) Hep3B and (F) RIL175 cells were stained with crystal violet. (G, H) Direct co-culturing experiments of T cells with Hep3B (G) or RIL175 (H) cells
over 72h. Endpoint quantification via Cell-Titer Blue Assay. Jurkats (I, J) or murine CD8+ T cells (K, L) were analysed on extracellular CD8 and
intracellular IFN-g levels. T cells co-cultured with TPC2 KO cells display higher CD8 and lower IFN-g levels. (M) Supernatant of RIL175/CD8+ T cell
co-culture analysed with LegendPlex inflammation panel via flow cytometry. IFN-g levels increased in TPC2-co-culture, whilst IL-6 and CCL2
significantly increased in ML1 KO setting. Statistical significance was assessed by two-way ANOVA Dunnett’s multiple comparisons test or one-way
ANOVA Dunnett’s multiple comparisons test * p< 0.05, ** p< 0.01, *** p< 0.001, **** p<0.0001, ns, not significant.
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Together, our findings demonstrate that TPC2 inhibition

enhances anti-tumour immunity by upregulating MHC-I

expression, downregulating PD-L1, and promoting CD8+ T cell-

mediated cytotoxicity. In contrast, TRPML1 knockout did not

replicate these immune-stimulatory effects, underscoring the

specific role of TPC2 in modulating tumour immune evasion.
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3.4 TPC2 regulates MHC-I and PD-L1
surface expression on cancer cells

To elucidate how the observed enhancement of anti-tumour

immunity is related to TPC2, we assessed the impact of TPC2 loss

on MHC-1 and PD-L1 expression levels in vitro. Confocal images
FIGURE 4

Loss of TPC2 function leads to elevated MHC-1 and reduced PD-L1 surface levels. (A, B) Confocal images of MHC-1 (A) or PD-L1 (B) on cancer cell
surface (n=3). Cells were not lysed prior antibody addition. Treatment of cells with 100ng/µL IFNg for 24h served as positive control. Representative
images shown. Scale bar 10µm. (C, D) Flow cytometer analysis of MHC-1 and PD-L1 on cancer cell surface (n=5). Quantification resulted over
evaluation of gMFIs. (E, F) MHC-1 and PD-L1 levels on cell surface of Hep3B and RIL175 cells after 24h treatment with 25µM SG-094 or 25µm TPC2-
A1-P (Hep3B n=3, RIL175 n=4). (G, H) Flow cytometer analysis of MHC-1 and PD-L1 surface expression of non-targeted (nt), TPC2 KD and ML1 KD
human HCC cell lines. (I) Supernatant of RIL175/CD8+ T cell co-culture treated with respective ICI (Ate= Atezolizumab, Nivo=Nivolumab) and/or
SG094 analysed with LegendPlex inflammation panel on IFN-g levels via flow cytometry. Data was conducted from five different co-culturing
experiments. Statistical significance was assessed by One-way ANOVA Dunnett’s multiple comparisons test * p< 0.05, ** p< 0.01, *** p< 0.001, ****
p<0.0001, ns = not significant.
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and flow cytometry revealed that TPC2 KO consistently led to

increased MHC-I expression (Figures 4A, D), essential for

presenting tumour antigens to CD8+ T cells. IFN-g served as a

positive control significantly upregulating MHC-I levels in both

Hep3B and RIL175 cells (Figures 4C, D). Additionally, PD-L1

expression, which usually leads to dampening of the anti-tumour

T cell response, was diminished upon TPC2 KO in RIL175 cells

(Figures 4B, D). In contrast, TRPML1 KO resulted in having

minimal or inconsistent effects in other cell lines on MHC-I and

PD-L1 levels (Figures 4A-D). These findings were confirmed by

Western Blot analysis (Supplementary Figures S4A, B). To explore

whether these findings extend to melanoma, we evaluated MHC-I

and PD-L1 expression in two melanoma cell lines. Skmel5 TPC2

KO cells mirrored the HCC phenotype, showing elevated MHC-I

and reduced PD-L1 expression (Supplementary Figures S4C, D),

whereas B16F10luc cel ls remained largely unaffected

(Supplementary Figures S4C, E), correlating with the more

substantial tumour weight reduction observed in the HCC model

compared to melanoma (Supplementary Figures S2L, N).

Treatment of Hep3B cells with TPC2 inhibitors or activators

resulted in non–TPC2-specific effects. Meanwhile, in RIL175 cells

the observed effects were directly linked to TPC2 function, as

pharmacological TPC2 inhibition by SG094 mimicked the KO

phenotype, leading to increased MHC-I and decreased PD-L1

expression in vitro, while TPC2 activation by TPC2-A1-P

reversed these effects (Figure 4F). Consistent a siRNA knockdown

of TPC2 resulted in the same phenotype in both human and murine

HCC cells (Figures 4G, H). All changes in surface marker

expression were quantified using flow cytometry.

To assess the impact of TPC2 inhibition on CD8+ T cell

activation, we quantified IFNg secretion under various treatment

conditions. Pharmacological inhibition of TPC2 by SG094

significantly increased IFNg production in CD8+ T cells, both in

monoculture and in co-culture with murine HCC cells (Figure 4I).

Notably, combination treatment with SG094 and the PD-1 inhibitor

Nivolumab further enhanced IFNg secretion compared to either

treatment alone. Similarly, monotherapy with the PD-L1 inhibitor

Atezolizumab elevated IFNg levels, and this effect was sustained

when combined with SG094 (Figure 4I).

Along the line, expression of co-stimulatory molecules CD80

and CD86, which are essential for efficient T cell activation (55),

remained stable in all but RIL175 TPC2 KO cells. In contrary,

TRPML1 KO significantly reduced CD80 and CD86 expression

across cell lines, (Supplementary Figures S4F, G), suggesting

differential effects of lysosomal calcium channels on

immune modulation.

In summary, TPC2 loss not only suppresses proliferative signalling

but also enhances tumour immunogenicity, immunogenicity by an

increase in MHC-1 expression and decrease in PD-L1 expression,

particularly in HCC. Pharmacological targeting of TPC2 with SG094

increased IFNg secretion in CD8+ T cells, both alone and in tumour co-

culture settings, and further elevated cytokine release when combined

with immune checkpoint inhibitors. These results highlight a

synergistic potential between TPC2 inhibition and checkpoint

blockade. These findings suggest a dual, tumour-type–specific role
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for TPC2 in promoting cancer progression through immune

escape mechanisms.
3.5 Multi-omics profiling reveals TPC2 as a
key regulator of tumour cell metabolism
and proliferation

In order to uncover the molecular mechanisms underlying the

phenotypic differences between WT, TPC2 KO, and TRPML1 KO

cells, we applied an unbiased, integrative multi-omics approach,

including transcriptomic and proteomic profiling, followed by

principal component analysis (PCA), differential gene expression

analysis, and functional enrichment.

Volcano plots of Hep3B proteome (Figure 5A) and transcriptome

(Figure 5B) revealed that TPC2 KO cells displayed a broader and more

significant pattern of gene and protein deregulation compared to

TRPML1 KO (Supplementary Figures S5A-D). In contrast, in

RIL175 cells, TRPML1 KO showed slightly more prominent

deregulation in the proteomic and transcriptomic data (Figures 5C,

D), though to a lesser extent than TPC2 KO in Hep3B.

In line, PCA of the proteomes clearly separated TPC2 KO from

WT samples along PC1 in Hep3B (Figure 5E) and along PC2 in

RIL175 (Figure 5F), explaining the greatest proportion of variance.

Transcriptomic PCA further confirmed this marked shift in expression

profiles (Figures 5G, H). In contrast, TRPML1 KO samples clustered

closely with WT in both cell lines, indicating only minor molecular

alterations (Figures 5E, G). Heatmap analysis revealed significant

downregulation of genes critical for HCC proliferation and tumour

progression in TPC2 KO cells, whereas TRPML1 KO cells maintained

gene expression patterns like WT (Figures 5I, J, S5E, F). Many genes

including Gramd1a, Sephin1, NPTX1, and Steap3 in RIL175 cells, and

TM4SF1, PDGFRA, and AOX1 in Hep3B cells are linked to stemness,

Ras/MAPK signalling, or poor prognosis in HCC (56–61). Moreover,

genes implicated in immune evasion such as FJX1 and Aldoc were also

downregulated specifically in TPC2 KO cells, supporting a dual role for

TPC2 in tumour proliferation and immune escape (62, 63). Most

importantly, in Hep3B cells proteome analysis revealed MHC-I to be

significantly upregulated in TPC2 KO cells, whereas no significance

was observed in ML1 KO cells. No significant changes in HLA-A or

HLA-B expression could be observed through RNA-sequencing. In

RIL175 cells MHC-I was not detected in proteome analysis but

significantly upregulated in TPC2 KO cells RNA sequencing dataset.

In melanoma cells no clustering differences between TPC2 KO and

TRPML1 KO cells was observed (Supplementary Figures S5G-J).

Previous findings highlighted that both single KOs clustered closely

together, whilst being separated from the WT and heatmaps did not

show differences between TPC2 KO and TRPML1 KO cells (64). Here,

with our murine proteomic melanoma data set we confirmed that

TPC2 or TRPML1 KO does not appear to significantly change PCA

clustering or alterations in protein expression pattern compared toWT

cells (Supplementary Figures S5G-J).

Gene Ontology (GO) analysis of our RNA-seq data identified the

10 most altered biological processes (BP). In RIL175 cells, TPC2 KO

specifically downregulated pathways associated with cell activation and
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FIGURE 5

Proteomic and RNA-sequencing data. (A, B) Volcano plots of Hep3B WT vs TPC2 KO proteomic (A) and RNA-seq (B) data displaying all differentially
abundant proteins (red). Filtering was based on p< 0.05 and Log2 fold change > 1. Log2 fold change >1 = more abundant proteins, log2 fold
change<1 less abundant proteins. Proteomics total variables =7577, RNA-seq total variables =27106. (C, D) Volcano plots of RIL175 WT vs TPC2 KO
proteomic (C) and RNA-seq (D) data displaying all differentially abundant proteins (red). Filtering was based on p< 0.05 and Log2 fold change > 1.
Log2 fold change >1 = more abundant proteins, log2 fold change<1 less abundant proteins. Proteomics total variables =1960, RNA-seq total
variables =24321. (E-H) Principal component analysis showing sample-wise grouping according to experimental conditions from proteome analysis
(E, F) and RNA-seq (G, H). (I, J) Heat map demonstrating label-free quantification intensities for all genes in all three RNA-seq experimental setups
with dendrogram-based grouping according to experimental conditions.
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junction assembly (Figure 6A), both implicated in HCC andmelanoma

progression (8, 12, 13). Additionally, we newly identified that in RIL175

cells TPC2 and TRPML1 KOs lead to impaired translation processes

(Figures 6A, B). In Hep3B, TPC2 KO also led to downregulation of

RNA processing and translation pathways (Figure 6C), whereas

TRPML1 KO reduced catabolic processes and upregulated

chemokine-related responses (Figure 6D).

Gene Set Enrichment Analysis (GSEA) of proteome further

confirmed this pattern (Figure 6E). In TRPML1 KO cells, altered

pathways involved protein synthesis and degradation,

mitochondrial gene expression, extracellular matrix organisation

(Supplementary Figure S6A), which is in line with the literature (29,

30). TRPML1 KO cells also displayed metabolic shifts towards

increased glycolysis, amino acid, and nucleotide metabolism, all

indicating a proliferative state (Supplementary Figures S6A, B).

Whereas, TPC2 KO resulted in a coherent downregulation of

metabolic processes, including biosynthesis of amino acids,

nucleotides, and organic acids (Figure 6E). Notably, key

intermediates of glycolysis and the TCA cycle were affected

(Supplementary Figure S6C), suggesting reduced energy

production and impaired metabolic plast ic i ty . Kyoto

Encyclopaedia of Genes and Genomes (KEGG) pathway analysis

supported this, revealing downregulation of glucose transporter

genes (GLUT1/2) , indicat ing reduced glucose uptake

(Supplementary Figure S6C). In line, TPC2 KO cells exhibited

significantly reduced glycolysis and glycolytic capacity compared

to WT and TRPML1 KO cells (Figures 6F, S6D). This adds up to

previous findings (13) describing the distinct role of TPC2 in

regulating glycolytic metabolism in HCC cells, which is not

shared by TRPML1.

Together, these findings establish that loss of TPC2, but not

TRPML1, leads to extensive transcriptomic and proteomic

alterations. TPC2 KO drives suppression of metabolic and

proliferative signalling, particularly glycolysis and MAPK-

associated processes. This dual shift in translational processes and

metabolism underpins the profound phenotypic impact observed in

TPC2-deficient tumours.
3.6 Translational suppression of MAPK
components in TPC2 KO cells reduces
tumour proliferation

Functional GSEA revealed a marked downregulation of

proliferation-associated biological processes in TPC2 KO cells

(Figure 7A), consistent with the reduced tumour growth observed in

vitro and in vivo (Figure 2). Additionally, complementary KEGG

analysis of the Hep3B proteomic dataset identified significant

suppression of Receptor Tyrosine Kinase (RTK) signalling,

pinpointing the MAPK pathway as a primary axis affected by TPC2

loss, with MAPK3 (ERK1) emerging as a key downregulated target

(Figure 5A, C, Supplementary Figure S5D). Notably, MAPK pathway

activity has been shown to negatively regulate MHC-I surface

expression on tumour cells, hence influencing immune recognition

by cytotoxic T cells (65–67). As we observed a significant reduction in
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MHC-I expression in TPC2 KO tumours ex vivo (Figures 3A, B) and

TPC2 KO cell in vitro (Figures 2A, C), we hypothesize that a reduction

of MHC-I might be linked to downregulated ERK1/2 expression.

In fact, MAPK3 mRNA levels (Figure 7B) were significantly

downregulated in TPC2 KO cell lines. In line with proteomic data

(Figures 6A, C), total ERK1/2 protein levels were significantly

decreased in TPC2 KO HCC cell lines (Figures 7C-F, G, S7A),

while melanoma cell lines and TRPML1 KO cells showed no such

reduction (Supplementary Figures S7B, C). We also found

phosphorylated, i.e. activated, ERK1/2 levels reduced in all TPC2

KO cell lines (Figures 7C, D). However, the relative amount of

phosphorylation remained stable in HCC (Supplementary Figure

S7D). This indicates that the reduced signalling is primarily driven

by a loss in total ERK1/2 protein abundance, rather than impaired

phosphorylation. In line, direct activation of TPC2 resulted in

elevated ERK1/2 protein expression (Figure 7E). Lastly,

expression of ERK downstream effectors Ets-1 and Ets-2, known

for their cancer promoting roles, was also reduced (68, 69)

(Figure 7F). These findings support our earlier transcriptomic and

proteomic data (Figures 6A, C), suggesting that TPC2 KO leads to

decreased ERK1/2 levels through suppressed transcriptional and

translational activity. These reductions were further confirmed via

confocal microscopy (Figures 7G, S7A, S7F, G).

Since RTKs also modulate MAPK/JNK signalling, we further

examined JNK protein expression. While total JNK remained

unchanged, phosphorylated JNK was significantly reduced in HCC

TPC2 KO cells (Supplementary Figures S7H, J). Additionally, the

downstream effector c-Jun and its phosphorylated form were

consistently reduced in HCC TPC2 KO cells (Supplementary Figures

S7I, K), further supporting suppression of MAPK/JNK signalling upon

TPC2 ablation. In contrast, in TRPML1 KO total and phosphorylated

JNK levels remained largely unaffected across most cell lines

(Supplementary Figures S7H, J) and did not exhibit consistent

alterations in downstream JNK pathway components

(Supplementary Figures S7I, K). These findings suggest that

TRPML1 loss does not result in a coherent phenotype with respect

to JNK signalling, further highlighting the specific regulatory role of

TPC2 in modulating MAPK/JNK pathway activity.

These results propose that the strong antiproliferative effects

observed in HCC TPC2 KO cells arise from impaired protein

translation, which subsequently leads to disruption of MAPK/

ERK and MAPK/JNK signalling pathways. The absence of

comparable effects in melanoma cells suggests a cancer-type-

specific function of TPC2. Importantly, the downregulation of

MAPK signalling, particularly reduced ERK1/2 expression,

correlates with increased MHC-I surface levels in TPC2 KO cells.

This supports a model in which impaired ERK signalling leads to

MAPK-driven repression of antigen presentation pathways, thereby

enhancing MHC-I expression and tumour immunogenicity.
4 Discussion

Previously, members of the TRPML and TPC families have been

implicated in regulating cytokine secretion in immune cells, e.g. Plesch
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et al. have shown that TRPML2mediates CCL2 release in macrophages

(70) and histamine secretion inmast cells is TPC1 dependent (19). Still,

a direct role for these ion channels in modulating anti-tumour

immunity or cytokine responses in cancer cells has not been

previously described. Our study identifies TPC2 as a central

regulator of tumour progression, exerting dual effects on cancer cell
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proliferation and immune evasion in HCC. In contrast, a KO of

lysosomal calcium channel TRPML1 did not affect tumour progression

in vivo, underscoring the specificity of TPC2 in driving this phenotype.

TPC2 KO led to a robust reduction in tumour growth, particularly in

HCC (Figures 2J-L). A comparative analysis of melanoma and HCC

cell lines and tumour models revealed that the MAPK-dependent
FIGURE 6

Gene set enrichment analysis of proteomics and RNA sequencing data. (A, B) GSEA of Hep3B RNA Sequencing data, shown are top 10 altered
biological process (BP) pathways of TPC2 KO vs. WT (A) and ML1 KO vs. WT (B). Suppressed = pathways with less abundant genes, activated =
pathways with more abundant genes. (C, D) GSEA of RIL175 RNA Sequencing data, shown are top 10 altered biological process pathways of TPC2
KO vs. WT (A) and ML1 KO vs. WT (B). Suppressed = pathways with less abundant genes, activated = pathways with more abundant genes. (E) GSEA
of Hep3B proteome data TPC2 vs. WT top 20 BP pathways. Graphic created via ShinyGO 0.76. (F) Glycolytic stress test using Seahorse XFe96
Analyzer of Hep3B WT, TPC2 KO and ML1 KO cells reveals downregulated glycolysis and glycolytic rate in TPC2 KO cells (n=3). Statistical
significance was assessed by One-way ANOVA Dunnett’s multiple comparisons test ** p< 0.01, *** p< 0.001, ns, not significant.
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effects of TPC2 depletion (Figure 7), affecting both proliferation and

immunogenicity, were specific to HCC, underscoring a tumour-type-

dependent role for TPC2 in cancer progression.

Ex vivo analysis of HCC tumour sections revealed massive

necrosis and increased infiltration of CD8+ T cells in TPC2 KO
Frontiers in Immunology 18
tumours (Figure 3A), suggesting enhanced cytotoxic immune

responses. In line with this, co-culture experiments showed

elevated IFN-g secretion and increased CD8 expression on T cells

exposed to TPC2-deficient tumour cells (Figure 3I). In HCC

tumour microenvironment (TME), CD8+ T cells frequently
FIGURE 7

TPC2 KO impairs ERK1/2 signalling. (A) GSEA of Hep3B and RIL175 TPC2 KO vs WT show altered BP pathways upon KO of TPC2. (B) RT-qPCR of
MAPK3 (ERK1). Actin served as housekeeping gene. (Hep3B n=3, RIL175 n=8) (C, D) Relative protein levels of ERK1/2 and pERK1/2 (n=5) (E) Relative
protein levels of ERK1/2 and pERK1/2 in RIL175 WT cells after 24h stimulation with TPC2-A1-P (n=3). (F) Relative protein levels of Ets-1 and Ets-2
(n=3). (G) Confocal images of ERK1/2. Nuclei stained with Hoechst (blue) and quantification. Scale bars 25µm. Representative images shown (all
n=3). Statistical significance was assessed by One-way ANOVA Dunnett’s multiple comparisons test * p< 0.05, ** p< 0.01, *** p< 0.001, ****
p<0.0001, ns, not significant. Images/Blots are representative.
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undergo exhaustion or dysfunction, losing their cytotoxic potential

and reducing pro-inflammatory cytokine production (71, 72). This

dysfunction of CD8+ T cells is associated with elevated regulatory T

cell levels and poor prognosis in hepatocellular carcinoma patients

(73), posing a major challenge for effective therapy. Here, we show

that TPC2 loss can reverse this exhaustion, effectively priming

CD8+ T cells for anti-tumour activity. We further propose that

the enhanced T cell response is supported by increased MHC-I and

decreased PD-L1 expression on TPC2-deficient HCC cells.

MHC-I is essential for effective antigen presentation to CD8+ T

cells (74), and the expression of checkpoint inhibitor PD-L1 on the

cancer cell surface has been shown to contribute to immunotherapy

resistance (75). Here we show that namely TPC2 KO increases

MHC-I surface expression and reduces PD-L1 levels on tumour

cells, most prominently in RIL175 cells (Figure 4), which also

exhibited the strongest tumour suppression. IHC confirmed these

t r end s , r e i n f o r c i n g th e r o l e o f TPC2 in immune

evasion (Figure 3A).

Our findings are consistent with those of He et al., who reported

that tetrandrine, a TPC2 antagonist, increased MHC-I expression

and IFN-g secretion in melanoma, thereby enhancing

responsiveness to PD-1 blockade (21). However, due to

tetrandrine’s broad pharmacological profile and potential off-

target effects (76), we are the first to demonstrate that modulation

of MHC-I and PD-L1 is specifically mediated by TPC2, using both

stable KO, transient KDmodels and more selective pharmacological

tools (SG-094 and TPC2-A1-P, Figures 4C-H). While the study of

He et al. focused on melanoma, our direct comparison reveals that

TPC2 KO in melanoma leads to less consistent changes in MHC-I

and PD-L1, paralleling the weaker in vivo phenotype.

Mechanistically, previous studies have already linked TPC2 to

melanoma proliferation via the Rab7/MITF axis (12) and He

et al. linked MHC-I expression to TPC2-dependant autophagy

(21). In contrast, our data newly establish a mechanistic role for

TPC2 in HCC, where its loss significantly suppresses MAPK

signalling, reducing total ERK levels and its downstream targets

in HCC (Figure 7, S7). Conversely, direct activation of TPC2 with

agonist TPC2-A1-P resulted in elevated total ERK1/2 protein levels

(Figure 7E), indicating that changes in ERK levels are TPC2-

dependant. Since MAPK inhibition is known to promote antigen

presentation and enhance T cell cytotoxicity (65, 66), we propose a

TPC2/MAPK/MHC-I axis as a key regulator of tumour immunity

in HCC. This pathway appears to be cancer-type specific, as MAPK

impairment was not observed in melanoma models (12, 77),

underscoring differential regulatory mechanisms by TPC2 across

tumour types.

Beyond immune modulation, we also propose cancer

proliferation in HCC to be regulated via TPC2/MAPK axis, as the

Ras/Raf/MAPK pathway is a well-established driver of tumour

growth and survival and is hyperactivated in HCC (78, 79).

Moreover, the MAPK pathway is also linked to metabolic

reprogramming and the Warburg effect (80). Our omics and

Seahorse data revealed a shift in glycolytic metabolism (Figure 6),

suggesting that TPC2 affects metabolism through MAPK

regulation. Müller et al. observed a similar shift in liver cancer
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cells upon KO but did not link it to MAPK signalling (13).

Furthermore, unbiased proteomic and transcriptomic profiling

revealed that TPC2 deletion disrupts translational processes in

HCC. KO cells exhibited higher lysosomal pH, enlarged

lysosomes, and delayed acidification (Figure 1), pointing to

lysosomal dysfunction. As lysosomes regulate protein turnover

and cellular homeostasis (81), their dysfunction likely contributes

to impaired translation (82, 83). ERK1/2 mRNA and protein levels

were significantly downregulated (Figure 7), not due to impaired

phosphorylation but reduced synthesis, linking TPC2 loss to a

global shift in protein production and MAPK suppression.

Due to the central role of MAPK hyperactivation in HCC,

pharmacological efforts have focused on kinase inhibitors such as

sorafenib and lenvatinib. However, these therapies offer limited

efficacy due to high rates of chemoresistance and poor overall

survival (84). In parallel, immunotherapy targeting PD-1/PD-L1

has significantly improved outcomes in a subset of patients while

reducing adverse effects, yet many patients either fail to respond or

develop resistance during treatment (85, 86). Our findings identify

TPC2 as a dual-action therapeutic target: its inhibition not only

disrupts Ras/Raf/MAPK-driven tumour proliferation but also

enhances tumour immunogenicity by increasing MHC-I and

reducing PD-L1 expression. Notably, previous studies have shown

that TPC2 KO can overcome chemoresistance (44), underscoring

its clinical relevance in treatment-refractory HCC. Supporting this

concept, our combination treatment experiments revealed that co-

administration of the TPC2 inhibitor SG094 and the PD-1

checkpoint inhibitor Nivolumab significantly elevated IFN-g
secretion in co-cultured CD8+ T cells (Figure 4I). These results

raise the compelling possibility that TPC2 inhibition could serve as

an effective adjuvant to immune checkpoint inhibitor therapy.

Together, this dual mechanism of action positions TPC2 as a

promising target for combination strategies aimed at expanding

immunotherapy efficacy, particularly in early and intermediate-

stage HCC.

Taken together, our study provides the first mechanistic link of

TPC2 with immune evasion and cancer proliferation via MAPK/

ERK signalling in HCC. We propose a loss of TPC2 function to be

responsible for impaired translation of ERK1/2 and therefore

impaired MAPK/ERK signalling, subsequently leading to elevated

MHC-1 levels and reduced tumour growth. Thus, we identify TPC2

as a central regulator of tumour progression and immune evasion,

offering a promising therapeutic target to simultaneously impair

cancer proliferation, overcome chemoresistance, and boost anti-

tumour immunity particularly in HCC.
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