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Abstract

Success of cancer immunotherapy is limited by resistance against immune-checkpoint blockade.
We therefore conducted a genetic screen to identify genes that mediate resistance against
cytotoxic T lymphocytes (CTL) in PD-L1 refractory human tumors. Using PD-L1 positive
multiple myeloma cells and tumor-reactive marrow-infiltrating CTL as a model we identified
calcium/calmodulin-dependent protein kinase 1D (CAMKID) as a key modulator of tumor
intrinsic immune resistance. CAMK 1D was co-expressed with PD-L1 in PD-L1/PD-1 refractory
cancer types and correlated with poor prognosis in these tumors. CAMKID was activated by
CTL through Fas-receptor stimulation, which induced its binding to and phosphorylation of all
effector caspases -3, -6 and -7, thereby inhibiting their activation and function. Consistently,
CAMKID mediated immune resistance of murine colorectal cancer cells in vivo. The
pharmacological inhibition of CAMKI1D on the other hand, restored the sensitivity towards Fas-
ligand treatment in multiple myeloma as well as in uveal melanoma cells in vitro. Thus, we
report a mechanism of rapid inhibition of the terminal apoptotic cascade by a kinase expressed in
PD-L1 refractory tumors that can be tuned through T cell activity and may contribute to tumor

immune resistance upon immune-checkpoint blockade.

Synopsis
We here report a novel mechanism of profound T cell induced apoptosis resistance and conclude
that CAMKI1D may represent an important immune escape mechanism triggered upon T cell

attack in PD-L1 treatment refractory tumors.
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Introduction

Endogenous T cell responses against tumor antigens occur frequently in a broad variety of cancer
types (1-3). Although these can correlate with an overall improvement of patient prognosis (2, 4,
5), they often do not rescue patients from tumor progression. A major reason for the inability of
tumor-reactive cytotoxic T cells to eradicate established tumors lies in the capacity of tumor cells
to regulate T cell activity through expression of the immune-inhibitory ligand PD-L1, which
stimulates the inhibitory receptor PD-1 expressed on effector T cells and reduces T cell receptor
signaling. PD-L1 expression in healthy and tumor tissues is itself induced by effector T cell
activity through the secretion of inflammatory cytokines such as IFN-gamma (6-8) and serves as
an important mechanism to prevent autoimmune diseases. Consequently, blockade of PD-L1/PD-
1 interactions by therapeutic antibodies has resulted in stunning immune rejection of established,
even metastasized tumors in many patients with PD-L1 expressing tumors (9-12).

However, despite noteworthy improvements, a significant proportion of cancer patients lack
response to anti-PD-L1/PD-1 antibody therapies (13-15). Several mechanisms of PD-L1/PD-1
treatment resistance have been recently introduced including impaired tumor intrinsic IFN-
gamma responsiveness resulting in reduced PD-L1 expression, severe and irreversible T cell
exhaustion or block of T cell differentiation induced by chronic PD-1 over-stimulation (16).
However, since functional capacity of tumor reactive T cells is found in many patients with PD-
L1/PD-1 refractory tumors (3, 5), these mechanisms may only explain immune response
resistance in a minor fraction of cases. Therefore, additional immune regulatory interactions may
impose dominant levels of protection against immune destruction. Indeed, several immune
inhibitory receptors such as TIM3 or VISTA, which can be triggered by ligands expressed in

tumors, have been characterized in the past (17, 18). Nevertheless, it is well conceivable that
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immune resistance is not only conveyed by immune regulatory ligands controlling T cell activity,
but may also be achieved by tumor intrinsic mechanisms of resistance against the cytotoxic T
cell attack.

Here, we report on a systematic search for genes regulating immune responsiveness in tumor
cells, using multiple myeloma as a PD-L1 expressing human tumor model that is unresponsive
towards anti-PD-L1/PD-1 treatment.

Multiple myeloma (MM) is still a rarely curable B-cell malignancy characterized by the
accumulation of malignant plasma cell clones in the bone marrow. In MM spontaneous cytotoxic
T cell responses against myeloma-associated antigens occur (1). Several studies showed that
immune-checkpoint molecules are expressed by myeloma cells and induce tumor-related
immune suppression (19-21). In line, PD-L1 is commonly expressed on malignant plasma cells
(8) and high expression of PD-L1 is associated with disease progression and has been found
further upregulated at relapse or in the refractory stage (22). Still, preliminary results of a phase |
trial with PD-1 blocking antibodies were disappointing, reporting no objective responses
amongst the 27 treated multiple myeloma patients (23). Therefore, there is a rationale to assume
that other immune-checkpoint molecules may play a crucial role in tumor escape mechanisms in
this tumor entity. This is of special relevance as immunotherapeutic treatment options emerge in
multiple myeloma, including monoclonal antibodies against CD38 (e.g. daratumumab,
isatuximab), SLAMF7 (elotuzumab), BCMA-CAR-T-based treatments or BCMA-T-cell
bispecific antibodies (24-28).

In order to systematically identify genes that inhibit tumor immune destruction by cytotoxic T
cells, we applied a high-throughput (HTP) genetic screen allowing the silencing of a multitude of

genes in human multiple myeloma cells, as well as the assessment of subsequent tumor lysis by
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patient-derived marrow-infiltrating lymphocytes (MILs). We identified 90 genes that regulate
immune responsiveness after cytotoxic T cell attack. Among them, Calcium/Calmodulin
Dependent Protein Kinase 1D (CAMKI1D) was co-expressed with PD-L1 and played a key role
in protection against T cell-induced tumor cell killing as well as in patient prognosis, not only in

multiple myeloma but also in other PD-L1 refractory human cancer types.
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Materials and Methods

Experimental model and subject details: Patients, healthy donors, and samples

Patients presenting with previously untreated multiple myeloma (n=332) or monoclonal
gammopathy of unknown significance (MGUS; n=22) at the University Hospitals of Heidelberg
and Montpellier as well as 10 healthy normal donors have been included in the study approved
by the ethics committee (#229/2003 and S-152/2010) after written informed consent. Patients
were diagnosed, staged and response to treatment assessed according to standard criteria (29-31).
Samples: Normal bone marrow plasma cells and myeloma cells were purified using anti-CD138
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) (32, 33). Peripheral CD27" memory
B-cells (n=11) were FACS-sorted as described (34). The human myeloma cell lines U266,
RPMI-8226, LP-1, OPM-2, SK-MM-2, AMO-1, JIN-3, NCI-H929, KMS-12-BM, KMS-11,
KMS-12-PE, KMS-18, MM1.S, JIM3, KARPAS-620, L363 and ANBL6 were purchased from
the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and the
American Type Cell Culture (Wesel, Germany), the XG-lines were generated at INSERM U1040
(Montpellier, France) (35). KMM-1 cells were obtained from the National Institutes of
Biomedical Innovation, Health and Nutrition (Osaka, Japan). Cell line identity was assessed for
proprietary cell lines by DNA-fingerprinting, mycoplasma-contamination excluded by PCR-
based assays, and EBV-infection status by clinical routine PCR-based diagnostics. Polyclonal
plasmablastic cells (n=10) were generated as published (33, 36, 37). The human uveal melanoma
cell line Mel270 was established, characterized and provided by Prof. Griewank (University
Hospital Essen) (38). KMM-1-luc cells were generated after transfection with a pEGFP-luc
plasmid (provided by Dr. Rudolf Haase, LMU Munich, Germany) and selected for the G418-

resistance gene. Lipofectamine LTX was used as transfection reagent according to the
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manufacturer's instructions. Transfected cells were selected for 14 days with G418-containing
medium (0.6 mg/mL). KMM-1-luc cells were sorted twice for the expression of GFP by flow

cytometry (with 87% and 100% purity, respectively) and cultured in the presence of 0.6 mg/mL

G418. Cell sorting was conducted in collaboration with the DKFZ sorting core facility, using the
FACSARIA 1II cell sorter (BD). KMM-1, U266 and Mel270 were cultured under standard
conditions in RPMI media supplemented with 10% fetal calf serum, 100 U/ml penicillin G and

100 pg/ml streptomycin at 37 °C in a humidified atmosphere under 5% CO..

MIL:s isolation

Marrow-infiltrating lymphocytes were isolated from the bone marrow of a multiple myeloma
patient. Briefly, T cells were isolated from the negative fraction of CD138-sorted bone marrow
cells using untouched Human T cells Dynabeads (Invitrogen). Cells were stained for anti-CD3
(Pacific Blue™ anti-human CD3 (Clone OKT3), Biolegend), anti-CD4 (APC/Cy7 mouse anti-
human CD4 (Clone RPA-T4), BD Biosciences) and anti-CDS8 (Pacific Blue™ mouse anti-human
CD8 (Clone RPA-TS), BD Biosciences), tested for HLA-A2 positivity (APC mouse anti-human
HLA-A2 Clone BB7.2 (RUO), BD Biosciences) and subsequently expanded using the rapid

expansion protocol.

MILs expansion

MILs cultures were ex-vivo expanded using a modified version of the Rapid Expansion Protocol
(REP) (39, 40). 2x10° of freshly isolated MILs were diluted to 6 x10° cell/mL in CLM
supplemented with 3000 U/mL rHulIL2 (Novartis Pharma). Cells were incubated in 25 cm” tissue

culture flask for 48h at 37°C and 5% CO,. PBMCs from three different buffy coats (at a ratio of
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1:1:1) were irradiated with 60 Gy (Gammacell 1000) and used as feeder cells to support MILs
expansion. 2x10° MILs were co-incubated with 2x10® feeder cells (in a ratio 1:100) in 400 mL of
MIL expansion medium (CLM/AIM-V) with 30 ng/mL OKT3 antibody (Thermo Scientific) and
3000 IU/mL IL-2 for 5 days in a G-Rex 100 cell culture flask. Afterwards, 250 mL of
supernatant was changed with 150 mL of fresh media and IL-2 was replenished to keep the
concentration at 3000 IU/mL. On day 7, MILs were divided into three G-Rex 100 flasks in a
final volume of 250 mL medium each and media was again replenished on day 11. On day 14 of
the expansion, MILs were counted and frozen in aliquots of 40x10° cells/mL in freezing media A

(60% AB serum and 40% RPMI1640) and B (80% AB serum and 20% DMSO).

Generation of flu-antigen specific CD8" T cells

For the generation of flu-specific CD8" T cells (flu TC), PBMCs from HLA-A2 healthy donors
were isolated. Total CD8" T cells were sorted from PBMCs by magnetic separation (Miltenyi)
(day 0) and expanded in the presence of A2-matched flu peptide (GILGFVFTL) for 14 days.
Irradiated autologous CDS8" fraction was used as feeder cells during the first 7 days of expansion.
Afterwards, irradiated T2 cells were used as fresh feeder cells. On day 1 and day 8, 100 IU/mL
IL2 (Novartis Pharma) and 5 ng/puL IL15 (R&D Systems) were added to the expansion. The
percentage of flu-antigen specific T cells was determined by pentamer staining (GILGFVFTL-
APC, Prolmmune) on day 7 and 14 via flow cytometry analysis. After antigen-specific
expansion, flu TC were sorted by FACS and expanded further for 14 days by using rapid

expansion protocol.
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PCR and qPCR

Gene expression was measured using end-point PCR. Briefly, total RNA was isolated from cell
pellets using the RNeasy Mini kit (Qiagen) according to the manufacturer’s guidelines. 1 pg of
RNA was reverse transcribed to complementary DNA (cDNA) using the QuantiTect reverse
transcription kit (Qiagen) according to the manufacturer's protocol. Synthesized cDNA was
amplified using conventional PCR. PCR samples were set up in a 25 pL. volume using 2x MyTaq
HS Red Mix (Bioline), 500 nM of gene-specific primer mix and 100 ng of template cDNA. The
PCR program was set as the following: 95°C for 3 min, 35 cycles of 3 repetitive steps of
denaturation (95°C for 30 s), annealing (60°C for 30 s) and extension (72°C for 30 s), and a final
step at 72°C for 5 min. PCR products were run on a 2% agarose gel in TAE buffer using a gel
electrophoresis system (Thermo Scientific) and DNA bands were visualized using UV light of
myECL Imager (Thermo Scientific). Knockdown efficiency of siRNA sequences was measured
by quantitative PCR (qPCR). For qPCR, 10 ng of template cDNA, 2x QuantiFast SYBR Green
PCR mix (Qiagen) and 300 nM of gene-specific primer mix was used per 20 pL reaction and
each sample was prepared in triplicates. Reactions were run using the QuantStudio 3 (Applied
Biosystems). Expression of several genes was normalized to the expression of B-actin gene and

the analysis was performed using comparative Ct method.

Gene expression profiling using U133 2.0 plus arrays (Affymetrix, Santa Clara, CA, USA) was

performed as published (32, 41, 42). Expression data are deposited in ArrayExpress under

accession numbers E-MTAB-317.
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Survival and correlation analysis using The Cancer Genome Atlas (TCGA)

Transcriptomic normalized RNA-Seq by Expectation-Maximization (RSEM) and clinical data
from different tumor entities was downloaded using the TCGA2STAT package for R (43). Log2-
normalized expression values were correlated (Person’s r) using the ggpubr package for R.
Survival curves were generated using survminer package for R. FAS expression was cut at the
median to generate Fas high and low sets. Similarly, CAMKI1D expression was cut at the median

for the Kaplan-Meier survival curves. Significance was calculated using the log-rank test.

Reverse siRNA transfection

Gene knockdown in tumor cells was induced using reverse siRNA transfection with
Lipofectamine RNAIMAX (Thermo Scientific). Briefly, 200 pL of 250 nM siRNA solution was
added to each well of a 6-well plate. 4 ul of RNAIMAX transfection reagent was diluted in 196
pL of RPMI (Sigma-Aldrich) and incubated for 10 min at room temperature (RT). 400 pL of
additional RPMI was added and 600 pL of RNAIMAX mix was given to the siRNA coated wells
and incubated for 30 min at RT. 3,5 x 10° KMM-1 (WT or luc) cells were resuspended in 1,2 mL
of antibiotic-free RPMI culture medium supplemented with 10% FCS, seeded in the siRNA-
RNAIMAX containing wells and incubated for 48 h at 37°C, 5% CO,. Final siRNA

concentration was 25 nM in all cases.

Phospho-Protein Isolation
To isolate phosphorylated proteins from cells, tumor cells were pelleted at 0,5 x g for 5 min and
washed once with PBS at 4°C. The cell pellets were lysed with one pellet volume of

Phosphoplex Lysis Buffer (Merck Millipore) containing protease inhibitor cocktail (Cabliochem,

11
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1:100) and phosphatase inhibitor cocktail (Sigma-Aldrich, 1:100) at 4 °C for 15 min on a rotator.
Samples were centrifuged at 17000 g at 4°C for 15 min. Supernatants containing the protein
lysates were collected into fresh tubes and quantified using the Pierce BCA Protein Assay Kit

(Thermo Scientific) according to the manufacturer's protocol. Proteins were stored at -20 °C.

SDS-PAGE

30 pg of protein lysates were denaturated in 4x NuPAGE LDS Sample Buffer (Thermo
Scientific) containing 10% B-mercaptoethanol (PAN) at 70°C for 10 min. Samples were spun
down and separated on NuPAGE 4-12% Bis-Tris Gels (Thermo Scientific) along with PageRuler

Prestained Protein Ladder (Thermo Scientific) and run at 115-150 V for 90 min.

Semi-Dry Western Blot

Proteins were transferred from the gel to a PVDF membrane (Millipore) using a semi-dry
western blot method. The PVDF blotting membrane (Merck Millipore) was activated in 100%
methanol (Merck Millipore) for 1 min and afterwards placed in Transfer Buffer (Thermo
Science) until use. Blots were assembled from anode to cathode into the Pierce Power Blot
cassette (Thermo Scientific) and run at 24 V for 10 min. Membranes were washed in 1x TBS and
then placed in blocking solution (5% BSA / 0.05% TBST) for 2 h. Primary antibodies (anti-
CAMKID (Abcam) 1:20000, anti-caspase-3 (Abcam) 1:750, anti-caspase-6 (Abcam) 1:2000,
anti-caspase-7 (Thermo Scientific) 1:1000, anti-caspase-3 (phospho S150) (Abcam) 1:850, anti-
caspase-6 (phospho S257) (Abcam) 1:250 and sodium potassium ATPase (Abcam) 1:20000)
were diluted in 5% BSA / 0.05% TBST and kept on the membrane overnight at 4°C on a rotator.

Membranes were then washed three times for 10 min with 1 % BSA / 0.05% TBST. Afterwards,

12
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HRP-conjugated secondary antibodies (anti-rabbit 1:4000, Santa Cruz or anti-mouse 1:4000,
Santa Cruz) were added to 1% BSA/TBST and kept on the membrane at room temperature for 1h
on a shaker. Thereafter, the membranes were washed for 10 min with 1% BSA/TBST, then
TBST and lastly with TBS. The blots were incubated with the ECL Detection Reagent (Reagent
A and Reagent B, 1:1, GE Healthcare) for 4 min and the chemiluminescence was detected with

myECL Imager (Thermo Scientific).

Co-immunoprecipitation assay

For detection of direct protein-protein interaction, co-immunoprecipitation was performed.
Briefly, 10 M tumor cells were seeded in 10 cm” petri dishes. The next day, cells were stimulated
for 4 h with 100 ng/ml rHuFasL (Biolegend). Unstimulated cells were used as negative control.
Afterwards, tumor cells were detached, resuspended in ice cold TBS and centrifuged at 400 g for
6 min at 4°C. Supernatant was discarded, cell pellet was resuspended in 1,5 mL TBS and
centrifuged at 500 g for 8 min at 4°C. Cell pellet was lysed with 1,5 mL lysis buffer (50 mM
Tris-HCl, 150 mM NaCl, 0,5% NP40 or Triton-X) containing protease inhibitor (Roche
complete 25x) and kept on a rotator for 1 h at 4°C. Afterwards, cells were centrifuged for 20 min
at 20000 g at 4°C. Supernatant was collected and centrifuged for further 5 min at 20000 g at 4°C.
Meanwhile, protein-G agarose (Sigma-Aldrich) was washed with 1 mL TBS and centrifuged for
1 min at 12000 g. 1 mL of cell supernatant containing cytoplasmatic proteins was added to 60 uL
protein-G agarose, incubated with anti-caspase-3 (1:50) (Cell Signaling), anti-caspase-6 (1:50)
(Abcam) or anti-caspase-7 (1:100) (Cell Signaling) antibodies and incubated overnight on a
rotator at 4°C. 90 uL of cell lysates were frozen at -20°C. The next day, the immunoprecipitated

samples were centrifuged at 12000 g at 4°C for 1 min. Supernatant was discarded and protein-G

13
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agarose was washed three times with lyses buffer and centrifuged at 12000 g at 4°C for 1 min. 2x
LDS containing 10% B-mercaptoethanol was added to the immunoprecipitated samples, while 4x
LDS containing 10% B-mercaptoethanol was added to the lysates. Samples were denaturated for
10 min at 95°C on a thermocycler. Samples were spun down and separated on NuPAGE 4-12%
Bis- Tris Gels (Thermo Scientific) along with PageRuler Prestained Protein Ladder (Thermo
Scientific) and run at 115-150 V for 90 min. After electrophoresis, proteins were transferred on a
PVDF membrane (Millipore). Anti-CAMKI1D antibody (1:10000) was diluted in 5% BSA /
0.05% TBST and kept on the membrane overnight at 4°C on a rotator. Membranes were then
washed three times for 10 min with 1% BSA / 0.05% TBST. Afterwards, HRP-conjugated
secondary antibodies (anti-rabbit 1:3000) (Santa-Cruz) was added to 1% BSA / TBST and kept
on the membrane at room temperature for 1 h on a shaker. The membrane was washed. The blot
was incubated with the ECL Detection Reagent (Reagent A and Reagent B, 1:1, GE Healthcare)

for 4 min and the chemiluminescence was detected with myECL Imager (Thermo Scientific).

Plasmid transfection

To generate KMM-1-luc cells, 3,5 x 10° KMM-1 WT cells were seeded in a 6 well plate and
incubated at 37°C overnight. 15 pL Lipofectamine LTX reagent were diluted in 150 pL Opti-
MEM medium (Gibco). Simultaneously, 3.5 ug of pEGFP-Luc plasmid was diluted in 175 pL
Opti-MEM medium and 3.5 pL of PLUS Reagent was added. 150 pL of diluted DNA was added
to 150 pL diluted Lipofectamine LTX (Life Technologies) reagent and incubated for 5 min at
RT. DNA-lipid complex was then added to the growth medium of the myeloma cells. Cells were

incubated at 37°C for 48 h before investigation of transfection efficacy by flow cytometry.
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Luciferase-based cytotoxicity assay

KMM-1-luc cells were reverse transfected with the desired siRNA sequences in white 96-well-
plate (Perkin Elmer) and incubated for 48 h at 37°C, 5% CO,. At the same day of transfection
MILs were thawn and treated with benzonase (100 IU/mL) (Merck). Cell density was adjusted to
0,6 x 10° cells/mL in CLM supplemented with 3000 TU/mL rhulL-2 (Novartis) for 48 h. IL-2
was depleted 24 h before the co-culture. Flu TC were thawn 6 h before co-culture. For the
cytotoxicity setting, MILs, flu TC, the supernatant of activated MILs or rHuFasL were added to
transfected tumor cells at desired E:T ratio/concentration, and incubated for 20 h at 37°C, 5%
CO,. For the viability setting, only CLM was added to the tumor cells. After co-culture,
supernatant was removed, remaining tumor cells were lysed using 40 pL/well of cell lysis buffer
for 10 min. After tumor cell lysis, 60 uL/well of luciferase assay buffer was added and luciferase
intensity was measured by using the Spark 20M plate reader (Tecan) with a counting time of 100
msec. Luciferase activities (relative luminescence units = RLUs) were either represented as raw

luciferase values or as normalized data to scramble or unstimulated controls.

Real-time live-cell imaging assay

Target genes in KMM-1 or U266 tumor cells were knocked down with reverse siRNA
transfection for 48 h. The reverse siRNA transfection was performed using transparent 96 well
microplates (TPP). In parallel, MILs were thawn and prepared as previously described. After 48
h, MILs (E:T 10:1) or rHuFasL (100 ng/mL) were added to the target cells in CLM with YOYO-
1 (final concentration 1:5000) and co-cultured at 37°C. For viability controls the according
amount of CLM with YOYO-1 (final concentration 1:5000) was added. MILs or rHuFasL-

mediated tumor lysis was imaged on the green channel using an IncuCyte ZOOM live cell

15
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imager (ESSEN BioScience) for the indicated time points at a 10x magnification. Data were
analyzed with the Incucyte ZOOM 2016A software by creating a top-hat filter-based mask for

the calculation of the area of YOYO-1 incorporating cells (indicating dead cells).

ELISA

Tumor cells were transfected with the indicated siRNAs in a 96-well plate. Afterwards, T cells
were added at the indicated E:T ratio for 20 h and 100 pL of supernatants were harvested for the
detection of IFN-y (Human IFN-y ELISA Set; BD OptEIA), IL-2 (Human IL-2 ELISA Set; BD
OptEIA), Granzyme B (Human Granzyme B ELISA development kit; Mabtech) and TNF
(Human TNF ELISA Set; BD OptEIA). Experiments were performed according to the
manufacturer s instructions. Polyclonal stimulation (Dynabeads Human T-Activator CD3/CD28,
Invitrogen) was used as positive control. Absorbance was measured at A = 450 nm, taking A =

570 nm as reference wavelength using the Spark microplate reader (TECAN).

Flow cytometry (FACS)

Flow cytometry was used for the detection of proteins expressed on the plasma membrane of
tumor and T cells. Intracellular staining was performed for the detection of caspase-3 (FITC
Active Caspase-3 Apoptosis Kit, BD Bioscience) according to manufacturer’s instruction. Tumor
cells were detached from plates using PBS-EDTA, centrifuged at 500 x g for 5 min and
resuspended in FACS buffer (5 x 10° cells/tube). Live T cell and tumor cells were distinguished
by using Live/Dead Fixable Yellow dead Cell Stain (Life Technologies) followed by blocking
with kiovig (human plasma-derived immunoglobulin, Baxter, Deerfield, Illinois, USA) at a

concentration of 100 pg/mL in FACS buffer (PBS, 2% FCS) for 15 min in the dark on ice.
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Samples were washed two times in FACS buffer and incubated with either fluorophore-
conjugated primary antibodies or isotype control (APC anti-human CD274 (PD-L1) (Clone
29E.2A3), Biolegend; Alexa Fluor 647 Mouse anti-human CCR9 (Clone 112509 (RUO), BD
Biosciences; Brilliant Violet 421 anti-human CD95 (Fas) (Clone DX2), Biolegend; PE anti-
human CD95 (Fas) (Clone DX2), Biolegend; APC anti-human CD261 (DR4, TRAIL-R1) (Clone
DJR1), Biolegend; PE anti-human CD262 (DRS5, TRAIL-R2) (Clone DJR2), Biolegend; Biotin
anti-human CDI120a (TNFRI1) (Clone W15099A), Biolegend; PE/Cy7 anti-human CDI120b
(TNFR2) (Clone 3G7A02), Biolegend; PE/Cy7 anti-human CD279 (PD-1) Antibody,
Biolegend); APC mouse anti-human CD178 (Clone NOK-1), BD Biosciences; PE anti-human
CD253 (TRAIL) (Clone RIK2), Biolegend; APC anti-human TNF-a (Clone Mabl1), Biolegend
for 20 min on ice in the dark. Afterwards, cells were washed twice and acquired with the FACS
Canto II cell analyzer machine (BD Bioscience) or FACSLyrics Flow cytometer and data were

analyzed using FlowJo (Tree Star).

Calcium Imaging

KMM-1 cells grown on coverslips were washed with Ringer solution (118 mM NaCl, 5 mM
KCl, 1.2 mM MgCl2, 1.2 mM Na,HPO4 , 2 mM NaH,PO,, 1.8 mM CaCl2, 5 mM glucose, 9.1
mM HEPES, pH 7.4, with NaOH) and loaded with Fura-2-AM ester (Thermo Fisher Scientific,
Waltham, USA) for 45 min. After 15 min, MILs or rHuFasL (50 ng/ml) was added to scr siRNA
transfected cells and recording of the intracellular free Ca** was continued for further 30
minutes. Experiments were performed using a ZEISS live cell imaging setup based on an inverse
microscope (Axio Observer Z.1) equipped with Fluar 40x/1.3 objective lens (ZEISS, Germany).

Fura 2-AM-loaded KMM-1 cells were illuminated with light of 340 nm or 380 nm (BP 340/30
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HE, BP 387/15 HE) using a fast wavelength switching and excitation device (Lambda DG-4,
Sutter Instrument), and fluorescence was detected at 510 nm (BP 510/90 HE and FT 409) using
an AxioCam MRm LCD camera (ZEISS). Data were recorded and analyzed with ZEN 2012

software (ZEISS, Jena, Germany).

Generation of supernatants of activated MILs

For the generation of the supernatant of polyclonally activated MILs, 1 x 10° MILs were
suspended in 1 mL of CLM collected in a 15 mL tube and stimulated with 25 pL of Dynabeads
Human T-Activator CD3/CD28 (Thermo Scientific). Afterwards, only the supernatant (100
uL/well) of activated T cells was added to knocked down tumor cells and incubated overnight at
37°C, 5% CO,. Luciferase-based cytotoxicity assay was performed. Alternatively, MILs were
stimulated with tumor cells at an E:T ratio of 10:1. After 20 h co-culture, plates were centrifuged
at 450 g for 5 min and 100 pL/well of the supernatant was collected for cytokines detection

(ELISA).

Functional neutralization

For the functional neutralization experiment, anti-FasL. (Biolegend) or isotype control
(Biolegend) were pre-incubated with MILs for 1 h at 37°C, 5% CO,. As negative control,
antibodies were cultivated in the absence of T cells. Afterwards, antibody-containing
supernatants were used to stimulate KMM-1-luc cells, which were reverse transfected with the
indicated siRNAs. The final concentration of the neutralizing antibodies was 100 ng/mL for anti-

FasL and isotype control. As positive control recombinant FasL protein (100 ng/ml, Biolegend)
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was added to the tumor cells instead of T cells. 20 h after co-culture, luciferase intensity was

measured.

Blocking assays

For the experiments using the anti-Calmodulin (W7) (Tocris) inhibitor, 1 x 10* KMM-1-luc (scr
or CAMK1D-transfected) cells/well were seeded in white 96 well plates (Perkin Elmer) in 100
pL of RPMI 10 % FCS. The small molecule inhibitor was added at the indicated concentrations
for 1 h at 37°C, before 100 ng/mL rHuFasL or medium control was added. DMSO treatment
served as negative control. After 20 h stimulation, luciferase-based cytotoxicity assay was
performed. For CAMKID inhibition, 1 x 10* KMM-1-luc or 1 x 10" Mel270 cells/well were
incubated overnight in a 96 well plate. QPP-A inhibitor (Merck Millipore; CAS 404828-08-6)
was added at the indicated concentrations 1h before rHuFasL stimulation (100 ng/ml) or medium
control. DMSO treatment served as negative control. After 20h stimulation, luciferase-based

cytotoxicity assay was performed.

Luminex assays

Tumor cells were stimulated with rHuFasL (100 ng/mL) for 15 min, 30 min, 1 h, 2 h, 4 h and 8
h. Unstimulated cells served as control. For the detection of intracellular phosphorylated
analytes, a general pathway (MILLIPLEX MAP Multi-Pathway Magnetic Bead 9-Plex Kkit,
Millipore) was used. For the detection of proteins involved in the activation of apoptosis the
MILLIPLEX MAP Early Phase Apoptosis 7-plex-kit (Millipore) together with active caspase-3
Magnetic Bead MAPmate (Millipore) was used. Beads specific for GAPDH served as

normalization control. 20 pg of protein lysates were used for the detection of ERK/MAP kinase
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1/2 (Thr185/Tyr187), Akt (Ser473), STAT3 (Ser727), JNK (Thr183/Tyrl85), p70 S6 kinase
(Thr412), NF-kB (Ser536), STATS5SA/B (Tyr694/699), CREB (Serl133), and p38
(Thr180/Tyr182) phosphorylated Akt (Ser473), JNK (Thr183/Tyr185), Bad (Ser112), Bcl-2
(Ser70), p53 (Serd6), cleaved caspase-8 (Asp384), cleaved caspase-9 (Asp315) and active
caspase-3 (Asp175). The assay was performed according to the manufacturer’s instructions and

samples were measured using the MAGPIX Luminex instrument (Merck Millipore).

High-throughput RNAI screening

Primary RNAI screening

The primary RNAi screening was conducted using a sub-library of the genome-wide siRNA
library siGENOME (Dhamacon, GE healthcare), which comprised 2887 genes (1288 genes for
GPCR/kinase and 1599 genes for custom library). The library was prepared in Prof. Boutros's
group (DKFZ, Heidelberg) as described in (44). Each well contained a pool of four non-
overlapping siRNAs (SMARTpool) targeting the same gene. This arrayed screening approach
was performed in duplicates and was adopted from Khandelwal et al (45). Samples siRNA
sequences were distributed in the 384-well plates and positive and negative siRNA controls were
added in empty wells. Final concentration of all siRNA sequences was 25 nM. Reverse
transfection was performed. The read-out was performed using Mithras LB 940 microplate
Reader with a counting time of 100 msec. The screening procedure was run in parallel with a
CellTiter-Glo luminescent cell viability (CTG) assay on luciferase-negative KMM-1 cells
without the addition of MILs in order to exclude genes affecting cell viability. Briefly, for the
read-out, supernatant was removed in each well containing siRNA-transfected tumor cells and 20

puL of the CTG reagent (pre-diluted 1:4 in RPMI) were added. After 15 min incubation in the

20



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

dark, plates were measured using the Mithras reader as described above. For the screening
analysis the raw RLUs from the primary screening, were processed using the cellHTS2 package
in R/Bioconductor (46). Values from both conditions were quantile normalized against each
other using the aroma.light package in R. Differential scores (cytotoxicity vs. viability) were
calculated using the LOESS local regression method. To identify candidate hits, the following
thresholds were applied on the z-scores of the samples: for the viability setting, genes showing a
z>+2,0o0r z <-2,0 were excluded. For the cytotoxicity setting, CCR9 was used as threshold
score. Additionally, genes having a z-score > + 0,5 or < - 0,5 in the CTG-based viability

screening were filtered out from the candidate list.

Secondary screening

For the secondary screening, a customized library containing 128 genes from the primary
screening was distributed in several 96-well plates along with positive and negative siRNA
controls. Reverse transfection was performed. For the cytotoxicity setting MILs (10:1 ratio) were
added to knockdown tumor cells (1 x 10* cells/well). Instead, CLM medium was added to the
viability plates. After 20 h, luciferase-based read-out was performed. Cytotoxicity/viability ratios
were calculated according to the formula:

Cytotoxicity/viability ratio = (Norm. RLU cytotoxicity setting / Norm. RLU viability setting)

by using mock as negative control. The hit-list was generated by including only hits with
improved T cell mediated cytotoxicity over mock transfection, (Cytotoxicity/viability ratio < I).

Pearson’s correlation was calculated with Microsoft Excel.

In vivo experiment
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Experiments were performed in two cohorts of mice: C57BL6 (n=12) and NOD/SCID gamma
chain (NSG) mice (n=12) were subcutaneously injected with 1 x 10° MC38 Camkld KO (g3
clone 11) or 1 x 10° MC38 NTS (clone 12) cells each into the right and left flank of one mouse,
respectively. Tumor growth was measured twice a week and the volume was determined using
the following formula: Tumor volume (mm®) = (Width® x Length) x (n / 6). Mice were sacrificed

when tumors exceeded 1.5cm in diameter.

Statistics

For statistical analysis, GraphPad Prism software v6.0 (GraphPad Software, La Jolla, CA, USA
was used. If not differently stated, statistical differences between the control and the test groups
were determined by using two-tailed unpaired Student's t-test. In all statistical tests, a p-value <
0.05 was considered significant with * =p <0.05, ** =p <0.01, *** =p <0.001 and **** =p <

0.0001.

Study approval
Patients and healthy donors have been included in the study approved by the ethics committee
(#229/2003 and S-152/2010) after written informed consent. Animal experiments were approved

by the National Ethical Committee for Animal Research (# 5-1/2018/DEMAB).
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Results

MM cells express multiple genes that confer intrinsic resistance towards T cell attack

In order to identify novel genes involved in immune escape mechanisms of PD-L1 unresponsive
cancer cells, a high-throughput screening approach recently developed in our laboratory (45) was
adapted. The HLA-A2 positive human multiple myeloma cell line KMM-1 was used as a tumor
model in this study because KMM-1 cells express high levels of PD-L1 and also lower levels of
another recently characterized immune-checkpoint molecule, CCR9 (45). As a reporter system
for tumor cell survival we stably transfected KMM-1 cells with e-GFP-firefly luciferase,
allowing to apply luminescence imaging as a reliable parameter for immune mediated tumor cell
destruction in a HTP format (Figure 1A).

As a source of tumor-reactive T cells we used marrow-infiltrating, PD-1 positive T cells (MILs)
from an HLA-A2-matched patient (Figure 1A and supplemental Figure 1A). These MILs were
not terminally exhausted as they showed strong IFN-gamma secretion after polyclonal
stimulation, which even exceeded that of a well-established tumor antigen specific CD8"
cytotoxic T cell clone, SK-1 (Survivin TC) (45). Moreover, they recognized and reacted by
substantial I[FN-gamma secretion also against KMM-1 tumor cells, despite high levels of PD-L1
expression on KMM-1 cells (Figure 1B). However, they exerted only limited capacity to kill
KMM-1 cells (20 % killing at 10:1 E:T ratio with 5000 KMM-1-luc cells; supplemental Figure
1B) suggesting the presence of resistance mechanisms against T cell attack in KMM-1 cells.
Silencing of firefly-luciferase (siFLuc) was used as positive control for siRNA transfection
efficacy, while silencing of genes essential for tumor cell survival, such as ubiquitin C (UBC) or
transfection with a mixture of siRNAs inducing cell death (siCD) resulted in strong reduction of

luciferase expression, indicating appropriate gene silencing and sensitivity of the luciferase-
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based readout. (Figure 1C). This was also maintained upon co-culture of siRNA treated KMM-1
cells with MILs for 20h.

We next studied the effect of silencing the immune-checkpoint genes PD-L1 and CCR9 on
KMM-1 cells (Figure 1D). Interestingly, the knockdown of PD-L1 did not result in increased
killing of KMM-1 cells by MILs, despite high expression of PD-L1 on the tumors and of PD-1
on the MILs. In contrast, the knockdown of CCR9 significantly improved tumor cell rejection
(Figure 1E), suggesting that PD-L1 did not play a decisive role in resistance of KMM-1 cells
against the cytotoxic T cell attack. We therefore used CCR9 as positive control within the siRNA
screen.

To this end, KMM-1 cells were transfected in a multi-well format with a siRNA library
consisting of a pool of four individual non-overlapping siRNAs per target per well, targeting a
total of 2887 genes (supplemental Table 1) covering a broad spectrum of all gene families. The
workflow of the screening approach comprised a viability control setup, in which we assessed
the intrinsic viability effect of each gene knockdown per se, and a cytotoxicity setting, in which
siRNA transfected tumor cells were co-cultured with MILs (supplemental Figure 2).

Negative (scramble siRNA sequences, scrl and scr2) and positive controls (siRNAs-targeting
luciferase and essential viability genes such as UBC) were included as a reference to calculate
the effect of gene knockdown on cell viability. Overall, the distribution of values across test
replicates and setups was highly concordant showing no viability or cytotoxicity effect of scr
siRNAs but robust signal reduction after FLuc and UBC knockdown (Figure 2A). Calculated z
scores for the impact on cell viability and T cell cytotoxicity (Figure 2B) and for the relative
impact on T cell mediated tumor cell lysis (Loess score; Figure 2C) of each gene revealed 128

genes whose silencing improved tumor cell lysis by T cells to a higher degree than the positive
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control CCR9. Among them we found several genes with described immune regulatory function
in multiple myeloma such as CD5 (47) , FES (48) and PAK3 (49). In line with the literature and
with the previous setup of positive controls, PD-L1 did not show any effect on T cell mediated
killing of multiple myeloma cells. The identification of these validated immune-checkpoints in
combination with good immune-checkpoint control performance supported the robustness and
sensitivity of the screen.

For further validation, we subjected the 128 candidate hits to a secondary screening procedure
using the same setup as for the HTP screen. Silencing of 90 candidates identified in the HTP-
screen again increased T cell mediated killing of tumor cells and exerted only little effects on
intrinsic tumor cell viability, thus confirming their immune regulatory role in KMM-1 cells
(Figure 2D). The strongest immune modulatory effect (high impact on T cell killing and no
viability impact) was elicited by the serine/threonine calcium/calmodulin-dependent protein
kinase 1D (CAMKI1D) (Figure 2B-D).

In order to determine whether the observed tumor cell killing was mediated by cytokines or other
soluble proteins released by activated MILs into the supernatant, an additional setting was
included in the secondary screening. Hence, MILs were polyclonally stimulated with anti-
CD3/anti-CD28 magnetic beads for 20h and only their cell culture supernatant was added to the
tumor cells. In this control setup silencing of only few genes showed an impact on tumor cell
lysis indicating for these genes a role in resistance towards T cell secreted cytotoxic cytokines

(Figure 2E). Although we cannot exclude the possibility that we may have missed relevant

cytokines secreted by T cells upon their contact with tumor cells, most of the identified candidate

genes, including CAMKI1D, regulated tumor cell killing only upon direct interaction with T cells.
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Taken together, these results provide a first indication that multiple myeloma cells express
multiple immune regulatory genes, among them CAMKI1D, that confer immune resistance after

T cell engagement.

CAMKI1D protects PD-L1" tumor cells against death receptor signaling by cytotoxic T cells
Based on the strong immune resistance phenotype associated with CAMKI1D expression in the
screens, we further on focused on validation and characterization of the immune regulatory role
of this kinase. So far, an immune-related function of CAMKI1D in cancer evasion has not been
studied. We first de-convoluted the pool of CAMKI1D targeting siRNAs used in the HTP-screen
to exclude potential dominant off-target effects of single siRNAs within the pool. Three out of
four CAMKID targeting siRNAs (sl, s2 and s3) and the pool of all siRNAs increased T cell
mediated cytotoxicity, while no viability impact of the individual or pooled siRNAs per se was
detected (Figure 3A) and all of them significantly reduced CAMKI1D expression at mRNA and
protein level (Figure 3B, C). In a luciferase-independent assay, employing live cell-imaging of
tumor cell apoptosis using a fluorescence apoptosis dye (YOYO-1) we could confirm a strong
increase of MIL-induced apoptosis in CAMK1D-deficient KMM-1 cells (Figure 3D). This could
be inhibited by MHC-I blocking antibodies, indicating that tumor cell apoptosis was induced by
MHC-I-restricted CD8" MILs in a T cell receptor-dependent manner (Figure 3E). To corroborate
this further, we pulsed KMM-1 cells with an HLA-A2-restricted peptide of influenza-matrix
protein and co-cultured them with PD-1 positive, influenza (flu)-peptide-specific CD8" cytotoxic
T cells (flu TC) (supplemental Figure 3A). Again, CAMKI1D silencing but not PD-L1 silencing
(data not shown) resulted in a significant increase of T cell-mediated tumor cell lysis (Figure 3F),

demonstrating that CAMK 1D mediates resistance of KMM-1 cells towards an attack by antigen
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specific cytotoxic T cells and that this effect occurs independent of the T cell source. Of note,
CAMKI1D mediated immune protection not only in KMM-1 cells but to a comparable degree
also in an additional PD-L1°, HLA-A2" multiple myeloma cell line, U266 (Figure 3G-I and
supplemental Figure 3B). We therefore studied CAMKID expression in a large cohort of
CD138-purfied malignant plasma cells from multiple myeloma patients with monoclonal
gammopathy of unknown significance (MGUS), human myeloma cell lines (HMCL), memory B
cells (MBC), plasmablasts (PPC) and normal bone marrow plasma cells (BMPC). CAMKI1D
expression was highest in MBC but it was also expressed in all MM, MGUS, PPC, and in 30/32
HMCL samples and these showed higher expression than normal bone marrow plasma cells
(BMPCs) (Figure 3J). Thus, these data indicate that CAMKID is consistently expressed in
human multiple myelomas and confers resistance against cytotoxic T cell attack. Classical
immune-checkpoint molecules expressed by tumor cells regulate the activity of cytotoxic T cells
mostly through engagement of inhibitory receptors on T cells. Since CAMKI1D is an intracellular
kinase, we wondered whether it may indirectly regulate T cell activity. We therefore studied
parameters of T cell effector function upon contact with CAMK1D proficient or deficient KMM-
1 cells, including the secretion of the T cell effector cytokines INF-y, Granzyme B, IL-2 or TNF-
a. Although we consistently detected increased T cell-mediated tumor cell killing after
CAMKID knockdown in KMM-1 cells, functional analysis of T cells did not reveal any
increased T cell function after interaction with CAMKI1D-deficient compared to wt tumor cells
(supplemental Figure 3C). Therefore, we concluded that CAMKID expression in tumor cells
does not affect type 1 effector T cell function and hypothesized that it may instead regulate the
sensitivity of tumor cells towards cytotoxic T cell attack. Thus, we exposed KMM-1 cells to the

cytotoxic agents FasL (rHuFasL), TRAIL (rHuTRAIL) or TNF (tHuTNF) commonly used by T
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cells to kill their target cells. The respective cell death-mediating receptors for FasL and TRAIL,
Fas, DR4 and DRS5 were strongly expressed on KMM-1 cells while the TNF receptors TNFR1
and TNFR2 were not expressed (Figure 4A). While CAMKI1D-proficient KMM-1 cells were
resistant against all tested cytotoxic agents, CAMKI1D-deficient tumor cells were dramatically
reduced after exposure to FasL and, to a much lesser degree, after exposure to recombinant
TRAIL (Figure 4B). In line, we detected FasL on 28.2% and 16.1% of CD4" and CDS" MILs,
respectively (Figure 4C) and on 12.7% of flu TC (supplemental Figure 3D). TRAIL expression
was detected only on 12.5% and 5.3% of CD4" and CD8" MILs, while membrane bound TNF
was hardly detectable (Figure 4C). Neutralization of FasL by monoclonal antibodies completely
abrogated the CAMKID-induced protection against cytotoxic activity of MILs (Figure 4D).
Thus, CAMKI1D mediates intrinsic tumor resistance against activated T cells through interfering
with Fas-mediated death signaling. In line with this, U266 myeloma cells strongly express Fas
(Figure 4E) and similar to KMM-1 cells they are protected by CAMKI1D expression against Fas-
mediated cell death (Figure 4F). Since Fas-FasL interactions represent a major cytotoxic
principle in tumor immunology, we wondered whether CAMKI1D might protect not only
multiple myeloma but also solid tumor cells against immune rejection. We therefore analyzed
Fas expression on several human cancer cell lines. Fas expression was low in the pancreatic
cancer cell line PANC-1 and in the breast cancer cell line MCF-7. However, we found strong Fas
and CAMK D expression in Mel270, which is a PD-L1" human uveal melanoma (UVM) cell
line (Figure 4G, H and supplemental Figure 4). UVM is a highly treatment-refractory and anti-
PD-1-resistant subtype of malignant melanoma (50). In line with the observation in the myeloma
cell lines, silencing of CAMKID significantly increased the cytolytic response of Mel270

towards FasL exposure (Figure 4I), indicating that uveal melanomas can exploit CAMKI1D for
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resistance against T cell attack. In contrast, although expressed, CAMKI1D silencing in the Fas
negative tumor cell lines PANC-1 and MCF-7 did not sensitize these cells towards T cell killing
(data not shown). These data indicate a strong rationale for CAMKID inhibition only in the
context of Fas-positive tumors to achieve significant anti-tumor immune response. The clinical
outcome of a cohort of uveal melanoma patients together with genome-wide RNA expression
data from their tumor tissue is available at the TCGA database and allows an analysis of the
prognostic impact of CAMKI1D in this highly immunotherapy-refractory patient population. We
hypothesized that CAMKI1D expression in UVM might protect those tumors with strong Fas
receptor expression against immune rejection. We therefore stratified patients in this cohort
according to expression levels of CAMKID and Fas (above/below median). Kaplan-Meier
analyses show that overexpression of CAMKID in Fas receptorhigh tumors but not in Fas
receptorIOW tumors correlate with poor patient prognosis (Figure 4J). This suggests that
CAMKID exerts a tumor protective effect only in the context of Fas receptor activation during
an immune response. T cell activity in tumors is characterized by IFN-gamma secretion and thus
correlates with PD-L1 upregulation. We found that over-expression of CAMKI1D and PD-L1
were tightly co-regulated in UVM melanomas (Figure 4K). Thus, under conditions of immune
activation and PD-L1 expression CAMKI1D represents another level of immune resistance in
tumor cells. Furthermore, our study with PD-L1 expressing yet refractory tumor models shows
that CAMKI1D supersedes the PD-L1 axis in mediating immune-suppression. Using the TCGA
database we studied CAMKI1D and PD-L1 co-regulation in other tumor entities that are largely
unresponsive to anti-PD-1 treatment, specifically in ovarian, pancreatic, colorectal, stomach and

esophageal cancer and in glioblastoma. Among them, CAMKI1D and PD-L1 were co-expressed

in ovarian, pancreatic, stomach and esophageal cancer. As observed in UVM, we detected
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significant correlations of CAMKID and Fas receptor expression with poor outcome in these
cancers (supplemental Figure 5A-F) with the exception of pancreatic cancer. However,
pancreatic cancer is characterized by defective Fas receptor signaling (51, 52) and thus
CAMKI1D-mediated immune protection may not be activated in this tumor entity. Taken
together, our data indicate that in several PD-1-therapy refractory tumors, CAMKID is co-

regulated with PD-L1 and controls tumor rejection after Fas receptor activation.

CAMKID regulates the activity of effector caspases -3, -6 and -7 after Fas receptor
activation

FasL binding to Fas receptor results in complex signaling events. This induces on the one hand
the caspase cascade that finally activates endonucleases to initiate apoptosis by DNA
fragmentation and on the other hand stimulates Ca®" influx into the cytoplasm, which ultimately
triggers CAMKI1D activation. We therefore speculated that CAMK1D might interfere with the
cellular apoptotic cascade to mediate its tumor protective effect. To clarify this assumption, we
assessed the impact of CAMKID expression on tumor cell killing in the absence of effector
caspases. Indeed, silencing of each of the individual downstream effector caspase (caspase -3, -6
and -7) completely abrogated the increased lysis of CAMKI1D-deficient tumor cells after FasL
exposure (Figure 5A, B). Thus, CAMKID selectively regulates cellular sensitivity towards
apoptotic cell death. Besides, these results demonstrate the necessity of simultaneous activity of
all three effector caspases for efficient induction of apoptotic cell death after Fas activation.
CAMK 1D activation depends on binding to calmodulin (CaM) which upon Ca®" influx induces a
conformational change allowing the CAMK-kinase (CAMKK) to phosphorylate and fully
activate CAMKI1D (53, 54). We speculated that FasL-expressing MILs might trigger Ca’"

release in KMM-1 cells sufficient for CAMKI1D activation. We therefore compared intracellular
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Ca®" in KMM-1 cells on single cell level after exposure to MILs or rHuFasL and found that both
procedures induced a similar, robust increase of intracellular Ca*" shortly after treatment (Figure
5C, D).

Activation of CAMK 1D requires binding to Ca**/calmodulin complexes which can be inhibited
by W-7 hydrochloride (55). Treatment with 5 uM W-7 hydrochloride is not toxic to KMM-1
cells (Figure 5E) and sharply recapitulated the effect of CAMKID silencing on FasL induced
tumor cell apoptosis, suggesting CAMKI1D to be the decisive target of calmodulin for mediating
FasL resistance (Figure 5F). Since both CAMKI1D silencing (50%-75% knockdown efficiency)
and W-7 hydrochloride treatment only incompletely blocked CAMKI1D, we also explored
whether their combination further reduced cell viability after FasL. exposure. Indeed, this
combinatorial treatment resulted in a 3-fold further increase of FasL-mediated tumor cell killing
(Figure 5F). To corroborate these findings, we applied CAMKID —inhibitor (QPP-A) to the
multiple myeloma as well as the uveal melanoma cell line. The additional treatment with
recombinant FasL induced a significant loss of tumor cell viability, confirming that CAMKI1D
plays a substantial role in conferring resistance towards tumor cell apoptosis (Figure 5G).

Taken together, these results demonstrate that CAMKI1D activation in cancer cells is (i) triggered
by cytotoxic T cells via FasL-induced Ca*’ release and (ii) is required to control Fas-induced
tumor cell apoptosis. To further confirm the role of CAMKI1D in mediating cancer resistance
against immune attack in vivo, we knocked out Camk1d in the murine colorectal cell line MC38
using the CRISPR/Cas9 technique (Supplemental Figure 6A). In vitro analysis of MC38
Camkl1d-deficient tumor cells revealed their increased sensitivity towards FasL as well as
TRAIL mediated apoptosis (Supplemental Figure 6B). Thus, we injected MC38 Camk1d KO as

well as MC38 NTS (non-targeting sequence) cells into the left and right flank of the same mouse
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of both immunodeficient NSG and immunocompetent C57BL6 mice. MC38 Camkld KO and
MC38 NTS tumors developed rapidly in a similar manner in NSG mice, while a significant
difference was observed in the immunocompetent C57BL6 mice, where Camkld-wt tumors
showed rapid outgrowth similar to that the NSG mice, while the growth of Camkl1d-deficient
tumors was significantly retarded (Figure SH). These data demonstrate that the immune system
in immunocompetent mice was not able to retard the outgrowth of MC38 cells due to the
expression of Camk1d.

To elucidate mechanistic aspects of CAMKI1D involvement in the Fas-signaling cascade, we
studied activation of caspase-8 and -9, the prototypic initiator caspases of the extrinsic and
intrinsic apoptotic pathway, respectively (56). FasL-induced activation of caspase-8 and -9 was
comparably effective in CAMKI1D proficient and —deficient KMM-1 cells (Figure 6A, B). Thus,
CAMKID controls initiation of the apoptotic cascade downstream of death inducing signaling
complex (DISC) assembly or activation of initiator caspases. Consequently, we hypothesized
that CAMK1D regulates the activity of effector caspases -3, -6 or -7. To this end, we first studied
the activation of the central executioner caspase-3 through various techniques, including
Luminex analysis, flow cytometry and western blot. Indeed, we observed a strong increase in
caspase-3 activation in CAMKI1D-deficient KMM-1 cells after FasL treatment (Figure 6C-E). In
addition, we also detected increased cleavage of the effector caspases -6 and -7 in CAMKI1D-
deficient tumor cells (Figure 6F and supplemental Figure 7A). Moreover, the phosphorylation
and thus activation level of the transcription factor cAMP response element-binding protein
(CREB), was increased in CAMK 1D-proficient cells, which was responsible for the transcription
of the anti-apoptotic molecule Bcl-2. We also observed that at early time-points (15min, 30min

and 1h) of rHuFasL stimulation the phosphorylation levels of the Extracellular Signal-regulated
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Kinases (ERK1/2), were enhanced in wild-type cells, while the knockdown of CAMKID re-
established basal levels (Supplemental Figure 7B). The altered activation of the presented
proteins implies that CAMKID not only controls activation and activity of effector caspases but
also induces the expression of anti-apoptotic and mitogenic proteins of KMM-1 cells leading to
tumor cell resistance towards FasL-positive T cells. CAMKI1D has thus far not been established
as a regulator of effector caspase activity. Notably, in silico analysis (using the webtools
KinaseNet and UniProt (http://www kinasenet.ca/showProtein;
https://www.uniprot.org/uniprot/P42574) predicted a binding motif for CAMKI1D on caspase-3
and also on caspase-6 (supplemental Figure 7D). For caspase-7, however, no binding motifs
were predicted. To confirm these results, we performed co-immunoprecipitation (co-IP)
experiments. Notably, CAMKID co-immunoprecipitated with caspase-3, caspase-6, and
caspase-7 and the levels of CAMKI1D interaction with all three effector caspases increased upon
rHuFasL treatment (Figure 6G, H and supplemental Figure 7C). A direct CAMKI1D/effector
caspase interaction could on the one hand result in stoichiometric inhibition of caspase cleavage
by initiator caspases. Alternatively, the effector caspases may also serve as targets of CAMKI1D
kinase activity. Phosphorylation of inhibitory serine residues 150 (caspase-3) or 257 (caspase-6)
impedes their activation, proteolytic activity and ultimately hampers apoptosis induction (57).

Notably, the inhibitory Serl150 phosphorylation site of caspase-3 (58) and the corresponding
Ser257 of caspase-6 (59) are located in the kinase-function critical distance of up to 4 amino
acids apart from the predicted binding site for CAMKID (supplemental Figure 7D). We
therefore wondered whether CAMKID is able to phosphorylate Ser150 and Ser257 of caspases -
3 and -6. Indeed, CAMKI1D deficient KMM-1 cells showed a strongly reduced phosphorylation

level of inhibitory serine residues of both caspase-3 and -6 already at steady—state conditions
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(Figure 6I-L). In KMM-1 wt cells, phosphorylation levels transiently decreased 15min - 30min
after FasL treatment (which has been attributed to transient stimulation of phosphatases (60)),
but recovered to pre-stimulation levels within 1h (caspase-3) to 4h (caspase-6). In contrast,
caspase-3 and -6 phosphorylation was persistently low in CAMKI1D-deficient KMM-1 cells
throughout the entire observation period, resulting in overall much lower caspase inactivation
compared to CAMKI1D wt cells. This demonstrates that CAMKI1D is required for steady-state
inactivation of effector caspases through phosphorylation and for the rapid restoration of
caspase-3 and -6 phosphorylation after FasL stimulation.

Taken together, these results demonstrate that in tumors, CAMKI1D upon its activation through
FasL regulates activation and activity of all effector caspases after cytotoxic T cell encounter.
These results further suggest that this is at least partially achieved by the inhibitory

phosphorylation of the effector caspases.
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Discussion

We here used a multiple myeloma cell line to conduct a systematic search for genes controlling
immune rejection in PD-L1 refractory human tumors. Such tumors, including amongst others,
multiple myeloma, are defined by the lack of clinical efficacy of PD-L1 or PD-1 -inhibition and
are therefore largely unresponsive to cancer immunotherapy, so far. PD-L1 unresponsiveness
was also given for the experimental setup used in this screen since PD-L1 silencing did not
improve immune rejection in vitro despite expression of PD-L1 on the tumor cells and of PD-1
by the patient-derived cytotoxic T cells. The screen revealed 90 genes which controlled tumor
cell killing by T cells. Among them, the serine/threonine kinase CAMK 1D exerted the strongest
protective effect against myeloma-reactive cytotoxic effector T cells. CAMKI1D belongs to the
multifunctional CaM-kinases whose activation is dependent on the initial binding of calcium and
calmodulin. To date, little is known about the role of CAMKI1D in cancer. However, CAMK1D
expression is elevated in invasive carcinomas compared to carcinoma in situ and by
overexpressing CAMKI1D in non-tumorigenic breast epithelial cells an increased proliferation,
and epithelial-mesenchymal transition was observed (61). Here, we report a different role of
CAMKID in controlling the resistance of PD-L1" tumor cells against apoptosis triggered by
cytotoxic T cells.

CAMKID was co-expressed with PD-L1 in several largely anti-PD-1 treatment refractory
tumors such as ovarian, gastric and esophageal cancer and uveal melanoma and patients with
these tumors experienced better survival if CAMKID expression was absent or low. These
observations support the conclusion that CAMKI1D expression represents a relevant mechanism
of immune resistance in human cancer. However, future studies should address the relevance of

this pathway in primary human tumor cells such as multiple myeloma freshly isolated from
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patients. Indeed, CAMK 1D-deficient tumor cells showed an increased activation and decreased
functional inhibition of effector caspases through inhibitory phosphorylation. We could not
perform a phosphorylation-specific analysis for caspase-7, because phospho-specific antibodies
were not available for this caspase. Nevertheless, CAMKID co-precipitates with all three
effector caspases suggesting that it can directly bind to effector caspases and thereby on the one
hand inhibits their activation, acting as a stoichiometric inhibitor of caspase cleavage and on the
other hand inhibits effector caspase function directly by phosphorylation. As the cellular levels
of CAMKI1D (as 'measured' by Western Blot) do not change upon exposure to FasL for 4h, it
appears unlikely that the observed FasL-induced increase in caspase-associated CAMKID is
attributable to e.g. enhanced de novo synthesis of CAMKID and subsequent increase in non-
specific binding.

Since CAMKI1D aggregation with effector caspases was increased after FasL stimulation, this
mechanism of apoptosis resistance appears to be triggered by the cytotoxic T cells themselves.
This occurs most likely through Fas-mediated Ca®" influx and subsequent calmodulin activation
because calmodulin activity was required for the protective function of CAMKI1D.

Cytotoxic T cells eliminate tumor cells not only through the extrinsic apoptosis pathway which is
initiated by death receptor signaling through FasL, TRAIL or TNF and mediated by activation of
pro-caspase-8 (62-64), but in addition through triggering the intrinsic or mitochondrial pathway
through the release of cytotoxic granules which induces mitochondrial damage, apoptosome
formation and subsequent activation of pro-caspase-9 (65). Both initiator caspases activate the
common executioner caspases -3, -6 and -7, which in turn cleave key intracellular substrates
within the cells including endonucleases, thus irreversibly triggering the apoptotic cell death (66,

67).

36



797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

We observed that the initiator caspases -8 and -9 were not differentially affected in CAMKI1D
proficient and —deficient tumor cells. In line, as shown by IR Powley et al. (68) Caspase-8 is
inactivated upon phosphorylation of a tyrosine residue (Y380), which leads to increased
resistance to CD95-induced apoptosis. However, CAMKID is a serine/threonine protein kinase
and in silico analysis revealed no binding site between CAMKI1D and Caspase-8.

Co-expression of death receptor ligands and cytotoxic granules thus enable CTL to
simultaneously trigger both apoptosis pathways and by this capacity, they differ from other
common mechanisms of cell apoptosis, which generally trigger either one or the other apoptotic
pathway. Therefore, efficient resistance mechanisms against T cell-induced apoptosis need to
target the common end route of both pathways. Consequently, inhibition of effector caspase
activity may represent a hallmark of tumor immune resistance.

Inhibition of effector caspases to control CTL-induced cytotoxicity needs to be strictly regulated
as its constitutive activation in a cell would result in general resistance against all other
physiological apoptosis stimuli and this would not be compatible with self-regulation of
multicellular systems. Therefore, it is conceivable that the activation of mechanisms protecting
against T cell-induced apoptosis requires CTL-specific stimuli and needs to be restricted to the
period of ongoing T cell attack.

In the past, a variety of mechanisms to regulate apoptosis have been identified and these are
commonly exploited by tumor cells. The majority of these controls the apoptotic cascade
upstream of effector caspases. For example, some tumors regulate the extrinsic apoptosis
pathway through impaired expression of death receptors of their downstream signaling
components, through reduced expression of pro-caspase-8 or through overexpression of anti-

apoptotic molecules such as c-Flip, thereby preventing the activation of pro-caspase-8 at the
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DISC (69, 70). Resistance against most anti-cancer agents can be acquired through regulation of
the mitochondrial apoptosis pathway by reduced expression of basic components of the
apoptosome such as Apaf-1, upregulation of the anti-apoptotic gene BCL2 or downregulation of
the pro-apoptotic BAX-gene (71, 72).

In contrast, so far only few molecules are known to directly interfere with the proteolytic activity
of effector caspases. The most prominent are the inhibitor of apoptosis protein (IAP) family
members X-IAP and survivin, which possess a binding domain for the protease subunit of the
effector caspases -3 and -7 together with a ubiquitinylation domain and thus are able to sterically
inhibit the activity of these two caspases (though not of caspase-6) and to initiate their
degradation (73).

However, it is questionable whether TAPs represent appropriate regulators of CTL-induced
apoptosis, since their activity is not particularly tunable by T cell signals. Instead, activity of X-
IAP and survivin is largely determined by fairly constant baseline transcriptional expression
levels - which can be adapted under conditions of cellular stress such as DNA damage, COX
signaling or hypoxia and by exposure to the immune suppressive cytokine TGF- (74), or upon
triggering of cell cycle progression through EGF or IGF-1 (75), respectively. Moreover, the
activity of both molecules is reduced upon intrinsic apoptosis signaling through release of the
mitochondrial protein Smac which inhibits the caspase binding domain of the IAPs (76). Thus,
regulation of TAP activity appears to follow a rather slow kinetic largely adapted to chronic
stimuli.

Therefore, additional levels of apoptosis control are required, which provide an immediate
protection against selective stimuli such as an immune attack. For this, kinases may be much

more suitable as they are activated within seconds after the signal is received and can
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immediately inhibit the terminal level of the apoptotic cascade by inhibition of effector caspases
through binding and phosphorylation. Indeed, effector caspase activity can be regulated by
phosphorylation (57). However, so far only two kinases, p38 MAPK which selectively binds to
effector caspase-3 and ARKS, selectively binding to caspase-6, were reported to phosphorylate
their targets at inhibitory serine residues (59). Both kinases are expressed and activated similar to
IAPs upon conditions of cellular stress (77, 78) and in addition, ARKS activity can be triggered
by TRAIL and TNF (79). However, to our knowledge, a mechanism triggered by FasL and
controlling simultaneously the activity of all three effector caspases has not been reported so far.
To support the clinical applicability of CAMKID blockade, we took advantage of small
molecule compounds. One concern about CAMKI1D targeted pharmacologic inhibition may be
its ubiquitous expression particularly in T cells and neurons. Thus, inhibition of this protein
kinase could on the one hand increase tumor susceptibility towards T cell attack, but on the other
hand impair T cell activity. In line with this concern, Bellucci and colleagues demonstrated that
the blockade of the tyrosine kinase, JAK2, sensitized multiple myeloma tumor cells towards the
attack of NK cells (80). Nevertheless, recent clinical studies showed that JAK1/2 inhibitors
impair the functionality of NK cells and T cells in myeloproliferative neoplasms (81-83).
Consequently, supplementary studies must be conducted to clarify the exact role of CAMKI1D
inhibition in T cells and which consequences a targeted therapy would have on neurons.
Nonetheless, CAMKI1D remains an interesting target for cancer immunotherapy, in particular for
those patients who experience relapse or demonstrate unresponsiveness to conventional
therapies.

Consistently, our studies conducted in mice already confirmed the role of CAMKID in vivo as a

novel immune-checkpoint molecule conferring resistance towards the immune attack.
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Altogether, it is conceivable that tumor cells exploit Fas receptor signaling imposed by cytotoxic
T cells to activate an apoptosis resistance mechanism targeting the final effector level of both
intrinsic and extrinsic apoptotic pathway resulting in an increased resistance against immune cell
attack even upon immune-checkpoint inhibition. Besides, in T cell infiltrated tumors this
mechanism may also impact on the general treatment resistance of tumor cells, because
CAMKID could reduce the efficacy of most anti-cancer treatments including chemotherapy,
irradiation and targeted therapies used in clinical oncology, which all directly or indirectly

exploit the intrinsic apoptotic signaling pathways to trigger cancer cell death.
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Figure 1. Assessment of positive and negative immune-checkpoint controls for the HTP-screen.
(A) Left: FACS-analysis of HLA-A2 (light grey histogram), PD-L1 (blue histogram), CCR9 (dark
blue histogram) and GFP (green histogram) on KMM-1 cells. Isotype is shown as dark grey
histogram. Right: FACS-staining on CD4 and CD8 —positive MILs. Cells were stained with anti-PD-1
(light blue) antibody and subsequently analyzed by FACS. Isotype control is shown as dark grey
histogram. (B) MILs and KMM-1 cells were co-cultured for 20h. IFN-y secretion was measured by
ELISA. As negative control, MILs and Survivin TC clones were cultured in the absence of tumor
cells. Background INF-y was measured in KMM-1 cells alone. Anti-CD3/anti-CD28 magnetic beads
stimulated MILs or Survivin TC clones were used as positive control. (C) KMM-1-luc cells were
transfected with the specified siRNA sequences. Loss of luciferase activity was compared to negative
siRNA sequences. Statistical significance was calculated compared to scrl siRNA sequence.
Knocked down tumor cells were co-cultured with MILs in different E:T ratios. (D) Quantitative PCR
(qPCR) analysis of CCR9 and PD-L1 mRNA expression in KMM-1 cells after 48h siRNA
transfection. Results are presented in terms of fold change after B-actin mRNA normalization. (E)
KMM-1-luc cells were transfected with the indicated siRNA sequences for 48h. Luciferase-based
viability assay was conducted (no TC control) and co-culture with MILs at indicated E:T ratios was
performed for cytotoxicity assay. Cell survival was determined by measuring the remaining
luciferase activity of tumor cells after 20h co-culture with MILs or culture medium (no TC). (B, C,
D, E) Graphs show mean +/- SEM of at least two independent experiments. P-values were calculated
using unpaired two-tailed student’s t-test. * p < 0.05, ** p < 0.01, *** p <0.001, **** p< 0.0001
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Figure 2. Performance of the HTP screen. (A) Dot plot shows normalized and scored RLUs after
transfection of KMM-1 wt or KMM-1-luc cells with several control siRNAs. Technical replicates were plotted
against each other. Left: 20 x 384-well plates were subjected to the luciferase-independent CellTiter-Glo
(CTG) screening performed on KMM-1 wt cells in which cell viability was determined by measuring
intracellular ATP levels. Right: 40 x 384-well plates were subjected to the luciferase-based screening assay
performed on KMM-1-luc cells. Blue dots: cytotoxicity setting (tumor cells co-cultured with MILs). Red dots:
viability setting (tumor cells without MILs). Pearson correlation (r*) between the 2 replicate values was
calculated for each setting. (B) Quadrant plot showing z-scores of gene knockdown in transfected KMM-1-luc
cells after co-culture with MILs (cytotoxicity z-score) or with culture medium (viability z-score), using a
siRNA library of 2887 genes. (C) Gene ranking diagram showing differential score between cytotoxicity and
viability z-scores using local regression (LOESS) rank. The upper panel classifies the potential immune
response regulating genes with a high loess score in multiple myeloma cells. Genes with differential score
higher than CCR9 knockdown were selected as potential negative immune-modulators. (D, E) Secondary
screening results: Luciferase-based secondary screening was performed using the hits obtained from the
primary screening. Knocked down tumor cells were co-cultured with (D) MILs or (E) supernatant of anti-
CD3/anti-CD28 magnetic beads activated MILs. RLUs were normalized to Mock siRNA control. Log2 scale
of cytotoxicity/viability ratio is depicted. Experiments were performed in duplicates. Mean is shown.
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Figure 3. Validation of siCAMKID effect. (A) KMM-1-luc cells were transfected using single (s1,
s2, s3) or pooled non-overlapping siRNAs targeting CAMKI1D. Control siRNA (scr) was used as a
negative control, whereas pooled siCCR9 served as positive control. Transfected cells were co-
cultured with MILs at 10:1 E:T ratio for the cytotoxicity setting. For the viability setting, only
culture medium was added instead of T cells. T cell-mediated cytotoxicity was measured using the
luciferase-based cytotoxicity assay. Values were normalized to scr control in each setting. (B, C)
KMM-1 cells were transfected with single (sl, s2, s3) or pooled siRNAs and 48h later (B) mRNA
expression levels were determined by qPCR where the results are presented in terms of fold change
after normalizing to B-actin mRNA and (C) protein levels were measured via western blot analysis
where the Sodium-Potassium ATPase was used as housekeeping gene. (D) Live cell-imaging
analysis. Tumor cells were transfected with siCAMKI1D or scr siRNA sequences and co-cultured with
MILs. A fluorescent dye (YOYO-1) was added as an indicator of apoptosis and the graph shows the
green object counted (GCO). The experiment is representative of three independent experiments.
Right: Representative pictures from the live-cell microscopy. Top: siCAMKI1D transfected KMM-1
cells with the addition of MILs. Bottom: scr-transfected KMM-1 cells with the addition of MILs.
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YOYO-1 was added in the co-culture to detect apoptotic cells. Apoptotic cells are indicated by the
green color. (E) Luciferase-based killing assay for detection of T cell-mediated cytotoxicity in the
presence of the indicated concentrations of anti-MHC-I antibody (red line) and IgG2a isotype as
positive control (black line). Anti-MHC-I antibody was added to KMM-1 cells in the absence of T
cells as negative control (grey line). (F) KMM-1-luc were pulsed with 0,005pg/ml of HLA-A*02
matched flu peptide for 1h before co-culture with flu-specific T cells or medium control (viability
setting) for 20h. T cell-mediated lysis or viability impact of target knockdown was measured by
luciferase assay. (G) End-point PCR analysis of CAMKID expression in U266 cells. KMM-1 cells
were used as positive control. B-actin was used as housekeeping gene. H,O served as no template
control. (H) Quantitative PCR (qPCR) showing CAMKID knockdown efficiency in KMM-1 and
U266 cell lines. Results are presented in terms of fold change after normalization to P-actin mRNA.
() Live cell-imaging analysis. U266 tumor cells were transfected with siCAMKID or scr siRNA
sequences and co-cultured with MILs. No MILs -condition served as viability control. Tumor cell
death was measured by the addition of the YOYO-1 dye. Columns show the green object counted
(GCO). (J) CAMKI1D expression by gene expression profiling (probe set 235626 at) in human MBC,
PPC, BMPC, MGUS, MM and HMCL.*; BMPC showed significantly lower CAMKI1D expression
than PPC, MGUS, MM and HMCL (p < 0.05; each). ***; MBC showed significantly higher
CAMKID expression than BMPC, PPC, MGUS, MM and HMCL (p < 0.001; each). (A, B) Graphs
show mean +/- SEM. Cumulative data of at least two independent experiments. (D) Graph shows
mean +/- SEM. P-value was calculated using paired two-tailed student’s t-test. (E) Representative
data of at least three independent experiments. Graph shows mean +/- SD. (F, H, I) Representative
data of at least two independent experiments. Graphs show mean +/- SEM. P-values were calculated
using unpaired two-tailed student’s t-test. * p < 0.05, ** p < 0.01, *** p <0.001, **** p< (0.0001
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Figure 4. Effect of CAMKI1D knockdown in different tumor entities. (A) Representative FACS analysis of
Fas, DR4, DR5, TNFR1 and TNFR2 expression in KMM-1 cells. Cell surface expression was measured by
flow cytometry. Positive tumor cells are marked in orange while isotype is shown as grey dots. (B) KMM-1-
luc cells were transfected with scr or CAMKI1D siRNAs and treated with recombinant FasL, TRAIL or TNF.
Luciferase activity was measured after 20h of treatment. Experiments were performed in triplicates and
representative results of three independent experiments are shown. (C) Representative FACS analysis of FasL,
TRAIL and membrane bound TNFa expression on CD4 and CD8 —positive MILs. Isotype controls are shown
as grey histograms. (D) Luciferase-based assay: scr or siCAMKI1D transfected KMM-1 were co-cultured with
MILs in the presence of a FasL neutralizing (anti-FasL) antibody or with an isotype control. Loss of luciferase
activity was measured. (E) Representative FACS analysis of Fas expression in U266 cells. Positive tumor cells
are marked in orange while isotype is shown as grey dots. (F) Live cell-imaging analysis. U266 tumor cells
were transfected with siCAMKI1D or scr siRNA sequences and treated with rHuFasL. The YOYO-1 dye was
added as an indicator of tumor cell death. The experiment is representative of three independent experiments
and shows the green objects counted (GCO). (G) Representative FACS analysis of Fas expression in PANC-1,
MCF-7, Mel270 and KMM-1 cells. Tumor cells were stained with conjugated antibodies against Fas. Cell
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surface expression was measured by flow cytometry. Positive tumor cells are marked in orange while isotype
is shown as grey dots. (H) End-point PCR showing CAMKI1D expression in the uveal melanoma cell line
Mel270. KMM-1 multiple myeloma cells were used as positive control. B-actin was used as housekeeping
gene. Water served as no template control. (I) Live cell-imaging analysis showing uveal melanoma cells
transfected with siCAMKID or scr siRNA sequence upon exposure to rHuFasL or medium control. A
fluorescent dye (YOYO-1) was added as an indicator of apoptosis measured as green object counted (GCO).
The experiment is representative of two independent experiments. Values denote mean = SEM. (J) Correlation
between CAMKI1D and Fas expression on patients” survival in UVM. Fas high and Fas low UVM patients
were divided in CAMKI1D high and low expression according to the median of CAMKI1D expression. Kaplan-
Meier curves showing the correlation between CAMKI1D expression and patients’ survival probability were
generated using TCGA clinical data. Significance was calculated using the log-rank test. (K) CAMKI1D and
PD-L1 correlation is depicted. (B, D) Graphs show mean +/- SD. P-values were calculated using unpaired two-
tailed student’s t-test. (F) Graph shows mean +/- SD. P-value was calculated using paired two-tailed student’s
t-test. (I) Representative data of at least two independent experiments. Graph shows mean +/- SEM. P-value
was calculated using paired two-tailed student’s t-test* p < 0.05, ** p <0.01, *** p <0.001, **** p<(0.0001
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Figure 5. CAMKI1D regulation. (A) Caspase-3, -6 and -7 expression and knockdown in KMM-1
cells was measured via end-point PCR. (B) Effector caspases were knocked down alone or in
combination with CAMKID and stimulated with rHuFasL or with medium control. Luciferase
activity was measured after 20h of treatment. Experiments were performed in quadruplicates and
representative results of three independent experiments are shown. (C) Intracellular calcium
response in KMM-1 cells upon (top) MILs co-culture and (bottom) rHuFasL treatment. (D)
Representative picture of intracellular free Ca>” measurement in KMM-1 scr-transfected cells before
(top) and after (bottom) co-culture with MILs or treated with rHuFasL. (E) KMM-1 cells were
treated with different concentrations of CaM inhibitor (W-7 hydrochloride) and tumor cell survival
was measured by luciferase intensity. (F) scr and siCAMKI1D KMM-1 transfected cells were treated
with rHuFasL together with the indicated concentration of CaM inhibitor. (G) KMM-1 (left) and
Mel270 (right) cells were treated with the indicated concentration of CAMKID inhibitor (QPP-A)
and exposed to rHuFasL or medium. Tumor cell survival was measured by luciferase intensity. (H)
C57BL6 (n=12) and NOD/SCID gamma chain (NSG) mice (n=12) were s.c injected with 1 x 10’
MC38 Camkld KO and MC38 NTS cells each into the right and left flank of one mouse, respectively.
Tumor growth was measured twice a week. Graphs show mean + SEM and statistical significance
was calculated using two-way ANOVA Bonferroni post test. (B) Graphs show mean + SD. Statistical
significance was calculated using unpaired, two-tailed Student’s t-test. (E, F, G) Experiments were
performed in triplicates and representative results of three independent experiments are shown.
Graphs show mean £ SEM and statistical significance was calculated using unpaired, two-tailed
Student’s t-test. * p < 0.05; ** p < 0.01; *** p <0.001; **** p <0.0001.
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Figure 6. Pathways regulated by CAMKID. (A-C) Luminex assays measuring apoptosis proteins.
CAMKI1D-proficient and -deficient cells were stimulated with rHuFasL for the indicated time frames. Protein
levels were normalized to GAPDH and compared to scr-unstimulated cells. The amount of (A) cleaved
caspase-8 (B) cleaved caspase-9 and (C) cleaved caspase-3 was measured. Graphs show cumulative data of at
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least two independent experiments. (D) FACS analysis of scr and siCAMKI1D transfected KMM-1 cells
treated for the given time frames with rHuFasL. Gate marks active caspase-3 labeled cells. (E, F) KMM-1
cells were treated as in (A-C) and full-length and cleaved (E) caspase-3 and (F) caspase-6 were measured via
western blot. The Sodium-Potassium ATPase was used as housekeeping gene. Representative results of at least
two independent experiments. (G, H) Representative blots showing co-immunoprecipitation of (G) caspase-3
and CAMKID, (H) caspase-6 and CAMKID. KMM-1 cells were stimulated with rHuFasL for 4h.
Unstimulated cells were used as negative control. Unstimulated and stimulated cell lysates were used as
positive control for CAMKI1D detection. (I, J) Western blot measuring phosphorylated caspase-3 and caspase-
6 upon rHuFasL stimulation. The Sodium-Potassium ATPase was used as housekeeping gene. (K, L)
Quantification of (K) phosphorylated caspase-3 and (L) phosphorylated caspase-6 upon rHuFasL stimulation
for the indicated time frames. Graphs show cumulative data of four independent experiments. (A, B, K, L)
Graphs show mean £ SEM and statistical significance was calculated using unpaired, two-tailed Student’s t-
test. (C) Graph shows mean + SD and statistical significance was calculated using unpaired, two-tailed
Student’s t-test. * p <0.05; ** p <0.01; *** p <0.001; **** p < 0.0001.
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Figure 4
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Figure 5
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