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ARTICLE INFO ABSTRACT
Keywords: Auranofin (AF) is an FDA-approved antirheumatic drug with anticancer properties that acts as a thioredoxin
Auranofin reductase 1 (TrxR) inhibitor. The exact mechanisms through which AF targets cancer cells remain elusive. To
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shed light on the mode of action, this study provides an in-depth analysis on the molecular mechanisms and
immunogenicity of AF-mediated cytotoxicity in the non-small cell lung cancer (NSCLC) cell line NCI-H1299 (p53
Null) and its two isogenic derivates with mutant p53 R175H or R273H accumulation.

TrxR is highly expressed in a panel of 72 NSCLC patients, making it a valid druggable target in NSCLC for AF.
The presence of mutant p53 overexpression was identified as an important sensitizer for AF in (isogenic) NSCLC
cells as it was correlated with reduced thioredoxin (Trx) levels in vitro. Transcriptome analysis revealed dysre-
gulation of genes involved in oxidative stress response, DNA damage, granzyme A (GZMA) signaling and fer-
roptosis. Although functionally AF appeared a potent inhibitor of GPX4 in all NCI-H1299 cell lines, the induction
of lipid peroxidation and consequently ferroptosis was limited to the p53 R273H expressing cells. In the p53
R175H cells, AF mainly induced large-scale DNA damage and replication stress, leading to the induction of
apoptotic cell death rather than ferroptosis. Importantly, all cell death types were immunogenic since the release
of danger signals (ecto-calreticulin, ATP and HMGB1) and dendritic cell maturation occurred irrespective of
(mutant) p53 expression. Finally, we show that AF sensitized cancer cells to caspase-independent natural killer
cell-mediated killing by downregulation of several key targets of GZMA.

Our data provides novel insights on AF as a potent, clinically available, off-patent cancer drug by targeting
mutant p53 cancer cells through distinct cell death mechanisms (apoptosis and ferroptosis). In addition, AF
improves the innate immune response at both cytostatic (natural killer cell-mediated killing) and cytotoxic
concentrations (dendritic cell maturation).

cause of cancer-related death throughout the world. Approximately 85%
of all lung cancers are categorized as non-small cell lung cancer
(NSCLC), accounting for more than 1.8 million deaths per year [1].
Despite important advancements in treatment modalities, NSCLC

1. Introduction

Lung cancer is one of the most common malignancies and the leading
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Abbreviations

AF Auranofin

CALR Calreticulin

CI Confidence interval

CTL Cytotoxic T lymphocyte

DAMPs Damage-associated molecular patterns
DC Dendritic cells

DFO Deferoxamine

E:T Effector:Target

EMT Epithelial-mesenchymal transition
FBS Fetal bovine serum

FDA Food and Drug Administration
FDR False discovery rate

Ferl Ferrostatin-1

FFPE Formalin fixed paraffin embedded
FPKM  Fragment per kilobase million
GCU Green calibrated unit

GPX4 Glutathione peroxidase 4

GSEA Gene Set Enrichment analysis
GSH Glutathione

GZMA  Granzyme A

HDAC  Histone deacetylase
HMGB1 High mobility group
HMOX1 Heme oxygenase-1

HR Hazard ratio

ICD Immunogenic cell death
IFNy Interferony

IHC Immunohistochemistry

IL Interleukin

IPA Ingenuity pathway analysis
IRP Iron regulatory protein

IRS Immunoreactivity scoring
LINCS  The Library of Integrated Network-Based Cellular

Signatures
LUAD Lung adenocarcinoma
MFI Mean Fluorescence intensity
MHC-II Major histocompatibility complexes class II

NAC n-acetyl-cysteine

Necls Necrostatin-s1

NGS Next generation sequencing

NK Natural killer cells

NRF2 Nuclear factor erythroid 2-related factor 2
NSCLC Non-small cell lung cancer

oS Overall survival

PBMC  Peripheral blood mononuclear cells

PBS Phosphate buffer saline

PDAC Pancreatic ductal adenocarcinoma

PFA Paraformaldehyde

PFS Progression-free survival

PI Propidium iodide

PPARG Peroxisome proliferator-activated receptor gamma
PRDX Peroxiredoxin

RA Rheumatoid arthritis

ROIs Regions of interests

ROS Reactive oxygen species

RT Room temperature

SLC7A11 Solute carrier family 7 member 11
SOD1 Superoxide dismutase 1
SRB Sulforhodamine B

TCGA  The cancer genome atlas
TGF-p  transforming growth factor-p
TNF-a tumor necrosis factor- o

Trx Thioredoxin

TrxR Thioredoxin reductase

WT Wild type

ZEB1 Zinc finger E-box-binding homeobox 1
aToco  Alpha-tocopherol

patients have a 5-year overall survival rate below 15% [2].

The worldwide increase in NSCLC incidence and mortality rates is
associated with resistance to standard chemotherapy and targeted
therapies, which resulted in the search for alternative treatment
methods [3-5]. Despite huge investments of biopharmaceutical com-
panies, the number of new drugs introduced into clinical practice has
not increased significantly [6], primarily due to a lack of efficacy and
serious adverse effects in Phase II and III clinical trials [7]. Conse-
quently, there is an increasing interest in repurposing well-known and
well-characterized licensed non-cancer drugs to the oncology domain, as
underscored by the Repurposing Drugs in Oncology project [8]. One
compound that is receiving increasing interest as an object of repur-
posing strategies in cancer is auranofin (AF). AF is an orally available,
lipophilic, organogold compound with a well-known safety profile that
was approved by the U.S. Food and Drug Administration (FDA) for the
treatment of rheumatoid arthritis (RA). AF has gained interest as an
anticancer agent since it acts as a thioredoxin reductase 1 (TrxR) in-
hibitor — through formation of a stable coordinative bond between its
gold(I) center and the active site selenocysteine residues [9,10] — and
thereby perturbing cellular redox balance. TrxR was indeed identified as
the main target of AF by different chemical proteomics tools [11].

The difference in intrinsic levels of reactive oxygen species (ROS)
and redox status between normal and malignant cancer cells represents
a potential therapeutic window for ROS-inducing therapies [12].
Cellular ROS levels are strictly controlled by balancing ROS-generating
and scavenging systems, which includes the redox protein thioredoxin
(Trx). The TrxR enzyme catalyzes the reduction of Trx with electrons
from NADPH in the cell’s Trx system [13]. Since many cancer cells

depend on a functional Trx system, TrxR and Trx overexpression often
participate in carcinogenesis, cancer progression, protection against
apoptosis and poor prognosis [14,15]. NSCLC tumors have a significant
elevation of TrxR activity both in vitro and in vivo [16]. Furthermore,
high levels of Trx are associated with resistance to various standard
chemotherapeutic agents, including the first-line treatment of advanced
NSCLC cisplatin [17,18].

Preclinical evidence of the antineoplastic activity of AF in various
tumor models have led to four ongoing clinical cancer trials for AF in
chronic lymphocytic leukemia (NCT01419691, NCT01747798), ovarian
cancer (NCT03456700) and lung cancer (NCT01737502) [19], which
further strengthen the translational value of TrxR as a target of AF
[20-22]. This potential is further supported by the recently released
Project Score database, a genome-scale CRISPR-Cas9 drop-out screen to
prioritize cancer therapeutic targets, showing antitumoral effects in 21%
and 76% of 324 cell lines tested with knock-out of TXNRD1 and TXN
genes, respectively [23].

Taken together, targeting the Trx/TrxR system via AF may have
value for the treatment of NSCLC. However, the exact molecular
mechanisms by which AF induces cancer cell death remain elusive.
Therefore, we first studied the potential of targeting the Trx system
using data extracted from the cancer genome atlas (TCGA) database and
NSCLC patient samples. Next, we investigated potential biomarkers for
AF treatment and identified mutant p53 overexpression as an important
sensitizer. Mutations in the tumor suppressor gene TP53 are the most
common genetic lesions found in NSCLC patients resulting in the aber-
rant accumulation of mutant p53 protein and poor patient survival [24].
Therapeutic strategies to efficiently target mutant p53 NSCLC are
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pressingly needed. Therefore, an isogenic NSCLC cell panel was used
consisting of the parental p53 Null NCI-H1299 cell line and its two
isogenic derivates with mutant p53 R175H or R273H overexpression,
which are by far the best characterized p53 hotspot mutations in vitro
and in vivo [25]. NCI-H1299 cell line with knock-in of selective p53
mutants is the gold-standard model in the field of p53 research to study
the gain-of-function (GOF) effects of specific mutant p53 proteins
[24,26,27], either for the basal phenotype of the cancer cells or their
effect on therapy response. Amino acid changes in the R175 position are
conformational mutations that cause a full or partial distortion of the
correct folding and structure of p53, indirectly affecting the
DNA-binding capacity of the mutant protein. On the other hand, amino
acid changes in the R273 position are DNA-contact mutations, which
directly affect the domains of p53 that interact with DNA [25,28,29]. A
subsequent transcriptome-wide analysis revealed that in this isogenic
setting, mutant p53 accumulation sensitizes NSCLC cells to AF-induced
cell death, albeit via distinct pathways. NSCLC cells with medium levels
of the p53 R175H mutant were prone to undergo caspase-dependent
apoptosis, while p53 R273H mutant cells were more vulnerable to fer-
roptotic cell death. Irrespective of p53 expression levels, both
AF-induced cell death mechanisms initiated the release of immunogenic
cell death (ICD) related damage-associated molecular patterns (DAMPs)
and dendritic cell (DC) maturation in vitro. In addition, AF primed
mutant p53 NSCLC cells for caspase-independent natural killer (NK)
cell-mediated killing by downregulation of several key targets of GZMA.
Our study thus indicates that AF represents a potential novel therapeutic
strategy to efficiently kill mutant p53 NSCLC tumor cells through
distinct immunogenic cell death pathways.

2. Methods

Supplementary Table 1 contains all relevant information regarding
the source and identifier of the antibodies, reagents, assays, etc. used
throughout this study.

2.1. Cell lines and cell culture

A panel of eight NSCLC and pancreatic ductal adenocarcinoma
(PDAC) cell lines with differing p53 status was used in this study to cover
a large subset of patients (Suppl. Table 2). The human pancreatic cell
lines included Mia-PaCa-2, Panc-1, Capan-2 and BxPC-3. The human
NSCLC cell lines included NCI-H1975, NCI-H2228, NCI-H596 and
A549. All these cell lines were purchased from the American Type
Culture Collection, except for Mia-PaCa-2 (DSMZ-German collection of
Microorganisms and Cell Cultures).

An additional mutant p53 cell line panel was used for the majority of
experiments performed in this study and consisted of the parental
NSCLC NCI-H1299 cells (homozygous partial p53 deletion, Null) and its
isogenic derivates stably transfected to express either mutant p53
R175H or R273H protein, as per established protocols [30] (provided by
prof. Dr. Haupt at the Peter MacCallum Cancer Centre, Australia).
Mutant p53 R175H and R273H are overexpressing mutant p53
compared to p53 Null parental line for which no protein was detected by
Western blotting. Mia-PaCa-2 and Panc-1 were cultured in the required
medium being DMEM (Life Technologies) supplemented with 10% fetal
bovine serum (FBS, Life Technologies), 1% penicillin/streptomycin (Life
technologies) and 2 mM i-glutamine (Life technologies). Capan-2,
BxPC-3, NCI-H1975, NCI-H2228, NCI-H596 and the isogenic
NCI-H1299 cell lines were cultured in RPMI (Life Technologies) sup-
plemented as described above. To rule out differences in sensitivity to
AF due to variations in selenium concentration [31], all experiments
were performed using the same supplier of FBS (Gibco, 10270-106) and
triplicates of the RNA sequencing, TrxR activity, GSH content and
Western blot protein level validation experiments (Fig. 3A-E) were
performed with the same batch of treated cells and growth medium.
Cells were grown as monolayers and maintained in exponential growth
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phase in 5% C0O2/95% air in a humidified incubator at 37 °C. A separate
batch of the isogenic mutant p53 NCI-H1299 cell lines was stably
transduced with the Incucyte® NucLight Red Lentivirus reagent with a
puromycin gene to allow cell tracking on the IncuCyte ZOOM system
(Sartorius). All cell lines were confirmed as mycoplasma-free using the
MycoAlert Mycoplasma Detection Kit.

2.2. NSCLC patient cohort and tissue specimens

The study cohort consisted of 72 patients diagnosed with stage I-IV
NSCLC adenocarcinoma. Tissue samples from tumor resections were
obtained from the Antwerp University Hospital Tumorbank as formalin
fixed paraffin embedded (FFPE) specimens. Tissue samples were pre-
pared as described by Deben et al. [32,33]. The patients’ main clinical
and pathological parameters are summarized in Suppl. Table 3. The
study was approved by the Ethics committee of the Antwerp University
Hospital (reference number 17/30/339).

2.3. Immunohistochemistry

Five ym-thick sections were prepared from FFPE specimens. Sections
were subjected to heat-induced antigen retrieval by incubation in a low
pH buffer (anti-TrxR) and a high pH buffer (anti-p53) for 20 minutes at
97 °C (PT-Link) (DAKO). Subsequently, endogenous peroxidase activity
was quenched by incubating the slides in peroxidase blocking buffer
(DAKO) for 5 minutes. Incubation with primary monoclonal antibodies
anti-p53 (ready to use for 30 minutes) and anti-TrxR (1:50 for 40 mi-
nutes) was performed on a DAKO autostainer Link 48 instrument. For
anti-TrxR and anti-p53, the Envision FLEX + detection kit was used
according to the instructions of the manufacturer. Sections were coun-
terstained with hematoxylin, dehydrated and mounted. Positive controls
were included in each staining run and consisted of tonsil tissue (anti-
p53 and anti-TrxR) and A549 cells (anti-TrxR). Scoring was performed
by two independent observers, including an experienced pathologist. To
account for heterogeneity of TrxR, an immunoreactivity scoring (IRS)
system was applied. Staining intensity was designated as either no
staining (0), weak (+), moderate (++) and strong staining (+++) and
the percentage positive tumor cells were scored 1 to 4 (<10%, 10-50%,
51-80% and >80% of tumor cells stained). Afterwards, the overall IRS
was calculated by multiplication of these two parameters. Cases were
grouped in four categories as TrxR negative (0, IRS 0), mild (1, IRS 1-3),
moderate (2, IRS 4-7) and strong (3, IRS 8-12) positive (Fig. 1C). p53
protein accumulation was scored as null, wild type or aberrant over-
expression (Suppl. Fig. 5).

2.4. TCGA database

Fragment per kilobase million (FPKM) values were extracted from
500 lung adenocarcinoma (LUAD-cohort) patients of TCGA RNA-seq
dataset using the Human Protein Atlas [34,35]. Kaplan-Meier survival
curves were plotted based on the best expression cut-off, i.e. the FPKM
value that yields maximal difference with regard to survival using the
Human Protein Atlas. A cut-off of a log-rank p-value < 0.01 was used.

2.5. Sulforhodamine B cytotoxicity assay

A colometric sulforhodamine B (SRB) assay was used to measure the
treatment-induced cytotoxicity of AF. Optimal seeding density of each
cell line for each plate type was determined in order to ensure expo-
nential growth during the whole duration of the assay. The different cell
lines were seeded in 96-well plates, incubated overnight and exposed to
0-10 pM AF for 72 hours. Cell monolayers were then fixed with 10%
trichloroacetic acid for 1 hour at 4 °C and stained with 100 xL 0.1% SRB,
as previously described [36]. The ICsp value (i.e. drug concentrations
causing 50% growth inhibition) for every cell line was calculated using
WinNolin® Software (Pharsight).
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Fig. 1. Expression of Trx system in NSCLC patients. (A) Expression of the thioredoxin pathway genes, thioredoxin (TXN), thioredoxin reductase 1-2 (TXNRD1-2)
and peroxiredoxin 1-6 (PRDX1-6) represented as fragments per kilobase million (FPKM). FPKM values were extracted from the LUAD cohort of the cancer genome
atlas (TCGA) RNA-seq dataset using the Human Protein Atlas. (B) Kaplan-Meier survival curves showing the correlation of TXN, TXNRD1-2 and PRDX4 and 6 gene
expression with the survival of LUAD patients. Curves were plotted based on the best expression cut-off, i.e. the FPKM value that yields maximal difference with
regard to survival using the Human Protein Atlas. Number of LUAD patients with low or high gene expression were included between brackets. (C) Representative
sections of NSCLC tumor samples classified as negative (IRS0), weak (IRS1), moderate (IRS2) and strong (IRS3) TrxR protein expression using immunohistochemistry
staining. (D) Pie chart representing the percentage of NSCLC patients with IRSO to IRS3 for TrxR protein expression. (E) Kaplan-Meier survival curves for overall
survival (OS) and progression-free survival (PFS) based on IRS of TrxR protein. Crosses signify censored events where a patient’s life ended. Significance was reached
when p < 0.05 determined by log rank. IRS: immunoreactivity scoring.
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2.6. Western blotting

Cells were seeded at 2.3 x 10° cells in T175 flasks. The next day, cells
were treated with 1 pM AF, 5 pM AF or 0.06% DMSO for 24 hours. This
batch of cells was used in different set-ups throughout this study. For the
protein based experiments, cells were lysed in lysis buffer (10 mM
TrisHCl, 400 mM NaCl, 1 mM EDTA, 0.1% NP40 and protease inhibitor).
After centrifugation (10 min, 13 000 rpm, 4 °C), cleared lysates con-
taining the isolated proteins were harvested and kept at —80 °C. Protein
concentrations were determined using the Pierce BCA protein kit, ac-
cording to the manufacturer’s instructions. To determine baseline pro-
tein levels, cells were collected after subculturing and lysed as described
above. Western blot was performed as described previously [37].
Blocking, primary and secondary antibody incubation were performed
using the SNAP id 2.0 protein detection system, according to the man-
ufacturer’s instructions. Membranes were incubated with following
antibodies: anti-Nuclear factor erythroid 2-related factor 2 (NRF2,
1:2000), anti-p53 (1:1000), anti-glutathione peroxidase 4 (GPX4,
1:2000), anti-solute carrier family 7 member 11 (SLC7A11, 1:1000),
anti-TrxR1 (1:2000), anti-heme oxygenase-1 (HMOX1, 1:1000), anti-Trx
(1:2000), anti-oxidative stress cocktail (catalase, superoxide dismutase
1 (SOD1), Trx and smooth muscle actin, 1:350) and anti-p-actin (1:2500,
internal control). Goat anti-rabbit (1:10 000) or goat anti-mouse (1:10
000) fluorescently labeled secondary antibodies were used. Fluorescent
detection was performed using the Odyssey imaging system (Li-Cor).
Image Studio Lite software (Li-Cor) was used to perform pixel quanti-
fication of the images. Intra-run normalization against the internal actin
control was performed for each sample. Inter-replicate normalization for
each protein of interest was performed based on the average actin
normalized signal for each blot.

2.7. ROS

Cells were seeded in 96-well plates, incubated overnight and exposed
to 2 pM AF or vehicle (phosphate buffer saline, PBS). Immediately after
treatment, 2.5 pM CellROX Green reagent was added to the cells. Af-
terwards, the plate was transferred to the temperature- and COo-
controlled IncuCyte ZOOM (10X magnification, Essen BioScience). ROS
was monitored over time by pictures that were taken every four hours to
limit phototoxicity. For analysis, average green calibrated unit (GCU)
was plotted for every cell line after 16 hours for at least three repeats.

2.8. Thioredoxin reductase activity assay

The batch of vehicle- and AF-treated protein lysates was used to
measure TrxR activity using the Thioredoxin Reductase Colorimetric
Assay Kit, according to the manufacturer’s protocols. Absorbance was
recorded at 405 nm with an iIMARK® microplate absorbance reader
(Bio-Rad) during the initial 15 minutes of the reaction. TrxR activity was
calculated using the formula provided by the protocol, whereby back-
ground measurements were subtracted from all values. An equal amount
of protein was loaded for each condition as determined by the Pierce
BCA protein kit.

2.9. Glutathione level quantification

The batch of vehicle- and AF-treated cells was used to determine
cellular concentrations of glutathione (GSH), quantified using the GSH/
GSSG-Glo™ Assay kit, according to the manufacturer’s protocols.
Therefore, an equal amount of cells (7500 cells/well) was added to a
white 96-well plate in the presence of GSH lysis reagent. Luminescent
intensity was measured using a VICTOR™ plate reader (PerkinElmer),
which was proportional to the amount of GSH.
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2.10. RNA isolation

The same batch of vehicle- and AF-treated cells was collected and
pelleted to isolate total RNA using the RNA Plus Mini Kit, according to
the manufacturer’s instructions. RNA concentration was checked using
the Qubit RNA BR Assay Kit on Qubit 4 Fluorometer (ThermoFisher).
The quality of the RNA samples was determined using the Fragment
Analyzer Automated CE System (Agilent, DNF-471 Standard Sensitivity
RNA Analysis Kit) with the High Sensitivity NGS Fragment Analysis Kit.
No samples had to be excluded based on low quantity or quality.

2.11. 3’ mRNA sequencing and data processing

RNA samples were amplified using the QuantSeq 3' mRNA-Seq Li-
brary Prep Kit FWD for Illumina, following the manufacturer’s protocol
for long fragments. The PCR Add-On kit for Illumina (Lexogen GmbH,
020.96) was incorporated in order to determine the optimal number of
PCR cycles. Following quantitative (Qubit dsDNA HS Assay Kit) and
qualitative analysis, the resulting cDNA libraries were equimolarly
pooled. Sequencing was performed on a NextSeq 500 (Illumina) using a
NextSeq 500/550 High Output Kit v2.5 (150 cycles). RNA sequencing
analysis was initiated using the BlueBee platform (www.bluebee.com).
First, the four FASTQ files per samples were merged using the pipeline
“Bluebee FASTQ merging (input: files) 1.2.0”. Next, the merged FASTQ
files were trimmed, the reads were mapped to the human reference
genome build 38 and a quality control was performed using the pipeline
“FWD Human (GRCh38.77) Lexogen QuantSeq 2.2.3”. Next, differential
expression analysis was carried out in R with the DESeq2 v1.28.1
package [38]. Transcriptome profiles were functionally analyzed using
ingenuity pathway analysis (IPA) Core Analysis [39]. A fold change
cut-off of 0.5 and p-value cut-off of 0.05 was used for the three cell lines.
Next, Core Analysis of each cell line were subjected to Comparison
Analysis based on -log(p-value) and activation z-score. Expression log
ratio values were extracted from affected genes in the top-ranked
pathways and presented in a heatmap. Gene Set Enrichment Analysis
(GSEA) was performed on full normalized RNA sequencing data using
the GSEA software package [40], developed by the Broad Institute
(Maltham). GSEA was performed with the computationally generated
gene set  database  representing  genes  involved in
epithelial-mesenchymal transition (EMT, standard name: Hallmark_e-
pithelial mesenchymal_transition, systematic name: M5930, Molecular
Signature Database v7.1 database) [41]. Gene sets with a false discovery
rate (FDR) <0.05 and p-value <0.05 were considered.

2.12. Immunocytochemistry

Cells were seeded in a black pClear 96-well plate, and afterwards
treated with 1 pM and 2 pM AF for 24 hours. Cultures were fixed in 2%
paraformaldehyde (PFA) for 20 minutes at room temperature (RT).
Fixed cultures were permeabilized with 0.3% Triton X-100 in PBS (0.1
M, pH 7.4) for 8 minutes, followed by one hour incubation with the
primary antibodies against replication stress phospho-RPA32 (pRPA32,
1:1000), DNA damage gamma-H2AX (yH2AX, 1:1000) and p53 (7F5,
1:1600) at RT in 50% FBS in PBS. After washing with PBS, secondary
antibodies GAR-Cy3 (1:400), GAM-488 (1:1000), Alexa Fluor 488
(1:400) were added for one hour at RT to the respective primary anti-
bodies. Finally, DAPI was applied to the cultures for 20 minutes at a
concentration of 5 pg/mL. Images were acquired with a Nikon Ti fluo-
rescence microscope using a 20x dry lens (numerical aperture 0.75). Per
well, 16 frames were acquired in three channels (395, 470 and 555 mm
excitation). Image processing was performed in Fiji, a packaged version
of ImageJ freeware [42]. The number of pRPA32 and yH2AX spots was
quantified using an image analysis pipeline that has been described
before (Cellblocks.ijm) [43]. In brief, the analysis detects regions of
interest (ROIs) corresponding to the complete nuclei in the field of view
and subsequently detects nuclear spots per marker of interest and
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measures their intensity and morphological features. Quantification of
p53 was based on the measurement of signal intensities within the nu-
clear ROIs in the maker channel. Downstream data analysis was per-
formed in R studio.

2.13. Analysis of cell death pathways

NucLight Red transduced isogenic NCI-H1299 cell panel was seeded
in a 96-well plate. The next day, cells were preincubated with the
desired cell death pathway inhibitors for 1 hour (5 mM n-acetyl-cysteine
(NACQ), 1 pM ferrostatin-1 (Fer1), 100 uM alpha-tocopherol (aToco), 10
pM Z-VAD-FMK and 10 pM necrostatin-s1 (Necls)) or 4 hours (100 pM
Deferoxamine, DFO) and then treated with 2 pM AF in the presence of
the IncuCyte Cytotox Green Reagent (50 nM) or Caspase-3/7 Green
Apoptosis Reagent (2.5 pM). Afterwards, the plate was transferred to the
temperature- and COy-controlled IncuCyte ZOOM for 72 hours. Cell
death was monitored by pictures (10X magnification) that were taken
every 24 hours to limit phototoxicity. For analysis, green object count
(1/mm?), red object count (1/mm?), green-red overlapping object count
(1/mm?) and Caspase-3/7 Green GCU x pm?/image were determined
with the IncuCyte basic analyzer. The percentage of cell death and

Caspase-3/7 positive cells was calculated with the formula:

Green object count *100
Red object count-+Green object count—Overlapping object count .

2.14. Lipid peroxidation

Cellular lipid ROS was measured using the Image-iT™ Lipid Perox-
idation Kit, according to the manufacturer’s instructions. Therefore,
isogenic NCI-H1299 cell panel were treated with 2 pM AF for 48 hours
or the positive control (cumene hydroperoxide) for 2 hours. Afterwards,
10 pM of the C11-BODIPY dye was added to the culture and incubated
for 30 minutes at 37 °C. Acquisition was performed on a CytoFLEX (BD)
and FlowJo v10.1 software (TreeStar) was used to calculate the ratios
C11-BODIPY red over green mean fluorescence intensity (MFI) signals.

2.15. Analysis of ICD-related DAMPs

Isogenic NCI-H1299 cells were seeded and treated with 2 pM AF, but
analysis of ICD-related markers occurred at different time points. (i)
After 24 hours of treatment in cell culture media supplemented with
heat inactivated FBS, supernatant was collected. On the freshly collected
supernatant, extracellular ATP levels (nmol) were assessed with the
ENLITEN® ATP assay system, according to the manufacturer’s protocol.
The bioluminescent signal was measured using a VICTOR™ plate reader
(PerkinElmer). (ii) After 48 hours of treatment, cells were harvested and
incubated with 5% normal goat serum. After washing, cells were stained
for ecto-calreticulin (CALR) expression using a AF488-conugated anti-
human CALR antibody (1:100). Prior to analysis, cells were stained with
Annexin V APC and propidium iodide (PI) to distinguish between early
apoptotic and necrotic cells. Cell debris and necrotic cells (PI+) were
excluded from analysis. Isotype control (rabbit IgG, 1:100) was included
to correct for aspecific staining. Flow cytometric data was acquired on a
BD Accuri™ C6 instrument (BD Biosciences) and analyzed using FlowJo
v10.1 software (TreeStar). (iii) To determine the release of high mobility
group box 1 (HMGB1, ng/mL), supernatant was collected after 48 hours
of AF treatment, centrifuged and stored at —80 °C. An enzyme-linked
immunosorbent (ELISA) assay was performed, according to the manu-
facturer’s protocol, and absorption was measured using an iMARK™
plate reader (Bio-Rad).

2.16. In vitro generation of human monocyte-derived DCs

Human peripheral blood mononuclear cells (PBMC) were isolated by
LymphoPrep gradient separation (Sanbio) out of buffy coats from
healthy donors (Red Cross Flanders Blood Service, Belgium). Then,
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monocytes were isolated from these PBMCs using CD14 microbeads,
according to manufacturer’s protocol with purity >90% after isolation.
CD14" cells were plated at a density of 1.25-1.35 x 10° cells/mL in
RPMI supplemented with 2.5% human albumin, 800 U/mL granulocyte-
macrophage colony stimulating factor and 50 ng/mL interleukin (IL)-4
at day 0, as previously described [44]. Immature DCs were harvested on
day five.

2.17. Maturation status of DCs

After in vitro generation of DCs, isogenic NCI-H1299 cells were
seeded in 6-well plates on day four and incubated overnight. On day
five, tumor cells were treated with 2 pM of AF for six hours. Afterwards,
immature DCs were labeled with 2 pM of cytoplasmic violet-fluorescent
CellTracker Violet BMQC dye at a concentration of 10° cells per mL and
placed in co-culture at an effector (E) to target (T) ratio of 1:1 (E:T).
After 48 hours in co-culture, supernatant was stored at —20 °C for future
analysis and DCs were immediately used for flowcytometric detection of
DC maturation markers on day seven. Binding of anti-CD86 PECy7
(1:25) and anti-major histocompatibility complexes class II (MHC-II)
FITC (1:50) was measured on the violet + viable (Live/Dead Near IR+,
1:50) DC population. For every marker, an isotype control was used to

subtract aspecific signals. Results are represented as AMFI =

MFI staining treated-MFI isotype treated
MFI staining untreated—MFI isotype untreated

positive for MHC-II and CD86. Acquisition was performed on a FACSAria
IT (BD Biosciences) and data analysis was performed using FlowJo v10.1
software (TreeStar).

and as the percentage of DCs double

2.18. Cytokine and chemokine secretion profile

A multiplex electrochemiluminescent assay on a SECTOR3000
(MesoScale Discovery) was used for the detection of IL-6, tumor necrosis
factor (TNF)-a and transforming growth factor (TGF)-B, as previously
described [45]. Standards and samples (supernatant collected from
NCI-H1299:DC co-cultures) were measured in duplicate and the assay
was performed according to the manufacturer’s protocol. Data analysis
was performed using the MSD Discovery workbench 4.0 software.

2.19. NK cell isolation and stimulation

Cryopreserved PBMCs were thawed and incubated overnight in
complete RPMI medium with 5 pL DNase. Subsequently, primary NK
cells were negatively isolated from PBMCs using a NK isolation kit for
negative selection, according to the manufacturer’s instructions. Purity
of the NK cells was measured using anti-CD3 FITC (1:20) and anti-CD56
PE (1:20) and was above 90%. NK cells were split in two equal portions:
one to stimulate with 10 ng/mL recombinant human IL-15, while the
other portion was left unstimulated. Both conditions were incubated
overnight at 37 °C and 5% COa.

2.20. NK cell-mediated cytotoxicity assay

NucLight Red transduced isogenic NCI-H1299 cells were seeded in a
96-well plate. After overnight incubation, appropriate conditions were
preincubated with 50 pM Z-VAD-FMK for 1 hour and then treated with a
non-toxic dose of 0.55 pM AF in the presence of the IncuCyte Cytotox
Green reagent (50 nM) or Caspase-3/7 Green Apoptosis Reagent (2.5
pM). After 24 hours, the AF primed target cells were co-cultured with
(un)stimulated effector NK cells at a E:T ratio of 5:1. Tumor cells incu-
bated without NK cells served as controls. The plate was then transferred
to the temperature- and CO3- controlled IncuCyte ZOOM for 48 hours.
Cell death was monitored by pictures that were taken every 24 hours to
limit phototoxicity. For analysis, green object count (1/mm?), red object
count (1/mm?), green-red overlapping object count (1/mm?) and
Caspase-3/7 Green GCU x pm2/image were determined with the



L. Freire Boullosa et al.

IncuCyte ZOOM analyzer. NK cells were filtered out based on size. The

percentage of tumor cell death was calculated with the formula:

Green object count *100
Red object count-+Green object count—Overlapping object count

2.21. GZMA dependency and NK cell activation

NCI-H1299 cells were seeded in 24-well plates, incubated overnight
and treated with 0.55 pM AF. The NK cells were isolated and stimulated
as described before. After 24 hours of treatment, AF primed tumor cells
were co-cultured with the (un)stimulated NK cells at a 5:1 E:T ratio.
Anti-CD107a-FITC antibodies (1:50) were added after 30 minutes of co-
culture. Monensin (1:1000) was added after an additional 30 minutes
and co-culture continued for an additional 4 hours to enhance intra-
cellular cytokine staining. After washing, cells were stained with the
following antibodies: anti-CD45 APC-Cy7 (1:50), anti-CD3 PE-Cy7
(1:100), anti-CD56 PE-CF594 (1:25), anti-CD69 PerCP-Cy5.5 (1:100)
and Live/Dead Fixable Aqua (1:50) for 30 minutes at 4 °C. Afterwards,
co-cultures were fixed, permeabilized and stained for intracellular cy-
tokines using anti-GZMA PE (1:25) and anti-interferon y (IFNy) APC
(1:12.5) using the FOXP3 Fix/Perm Buffer Set, according to the manu-
facturer’s instructions. Acquisition was performed on a FACSAria II (BD
BioSciences). The percentage of NK cells positive for a given marker was
calculated using the overton histogram subtraction tool in FlowJo v10.1
software (TreeStar), subtracting the control histogram (e.g. NK cells)
from the sample histogram (e.g. AF + NK cells in co-culture).

2.22. Statistics

All experiments were performed at least in triplicate. All statistical
computations were conducted using SPSS version 26, unless otherwise
stated, and significance for all statistics was reached if p < 0.05. Prism
8.2.1 software (GraphPad) was used for data comparison and graphical
data representations. The associations between clinicopathological pa-
rameters and TrxR or Trx protein expression levels were investigated by
72 analysis for categorical variables. Differences in overall survival (OS)
and progression-free survival (PFS) between patient groups were
determined by Kaplan-Meier analysis. A Multivariate Cox Proportional
Hazard model was fitted to identify independent prognostic markers,
presented as a hazard ratio (HR) and its 95% confidence interval (CI).
The non-parametric Mann-Whitney U test was used to compare means
between two groups (untreated vs. AF-treated). To compare means be-
tween different treatment groups (e.g. NK cell-mediated killing), sta-
tistical significance was determined by a one-way ANOVA, followed by
Tukey’s post hoc test. Spearman correlation coefficients were calculated
to investigate the correlation between the different antioxidant related
proteins, AF ICsg values and p53 protein levels in different NSCLC and
PDAC cell lines. Analysis of yH2AX and pRPA32 spots was performed
using linear mixed models, after which significance was determined
using multiple comparisons of means with Tukey contrasts.

3. Results
3.1. TrxR as a potential druggable target for NSCLC

Since the Trx system is involved in many cancers, we determined the
gene expression of the Trx antioxidant pathway members in the lung
adenocarcinoma (LUAD)-cohort using the publicly available TCGA
database. Data analysis showed that nearly all members of the Trx sys-
tem were present in LUAD patients at the mRNA level (Fig. 1A). In
addition, high expression of TXN, TXNRD1, peroxiredoxin 4 (PRDX4)
and PRDX6 genes was correlated with the outcome of the LUAD patients
(Fig. 1B).

At the protein level, immunohistochemical (IHC) analysis was per-
formed to evaluate TrxR expression in 72 NSCLC adenocarcinoma pa-
tients (Fig. 1C-E, Suppl. Table 4-5). TrxR protein was detected in 95.8%
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of the NSCLC tissues, with varying expression in all stages of our patient
population (Fig. 1D, Suppl. Table 4). In the non-neoplastic lung tissue,
TrxR was detected in cylindrical epithelium, lymphocytes and stromal
cells (Suppl. Table 4). No significant association was found between
TrxR and any clinicopathological feature (Suppl. Table 5), and univar-
iate survival analysis using Kaplan-Meier showed that TrxR was no
significant predictor of worse OS or PFS (Fig. 1E). Overall, TrxR was
expressed in NSCLC patients both at the mRNA and protein level sug-
gesting that the Trx/TrxR system represents a valid druggable target in
NSCLC for AF.

3.2. Mutant p53 accumulation sensitizes NSCLC cell lines to AF treatment

The cytotoxic effect of AF was investigated in a panel of eight NSCLC
and PDAC cells with a different p53 background. Our main focus was on
NSCLC adenocarcinoma, but we included PDAC cell lines to determine if
AF can be used as a tumor-agnostic therapy with a broader application
radius. Dose-response survival curves and their corresponding ICsg
values showed variable sensitivity to AF with the wild type (WT) p53
cell line A549 being the least sensitive one (Fig. 2A and B). The strong
variability in response between the other cell lines, indicated that TP53
mutation status alone cannot explain sensitivity to AF. When analyzing
p53 protein levels, we found an inverse correlation with AF ICs, values
in NSCLC and PDAC cells (r = —0.925; p = 0.001) (Fig. 2C-E, Suppl. Fig
1 and 2). This suggests that high levels of mutant p53 protein sensitize
cancer cells to AF.

Since inhibition of TrxR modulates the intracellular redox state due
to increased ROS levels [46,47], we sought to investigate potential
antioxidant related biomarkers for AF treatment. The identification of a
predictive biomarker for therapy response can greatly improve patient
stratification and clinical response. Therefore, data extracted from the
TCGA database showed the expression of different antioxidant related
genes in 500 LUAD patients (Suppl. Fig. 3). In addition, the baseline
levels of these antioxidant related proteins were determined and
correlated to the AF ICso values of eight NSCLC and PDAC cell lines
(Fig. 2D and E, Suppl. Fig. 1 and 2). High levels of NRF2 positively
correlated with higher AF ICsq values (r = —0.738; p = 0.046), while no
significant correlation was observed for Trx (r = 0.643; p = 0.096) and
SLC7A11 (r = 0.643; p = 0.096) (Fig. 2E, Suppl. Fig. 1). Additionally, no
significant correlation was found between mutant p53 expression levels
and expression of the other antioxidant related proteins (Fig. 2D and E,
Suppl. Fig. 1).

In order to validate these findings, we used the isogenic mutant p53
NSCLC NCI-H1299 cell panel (Fig. 2F-H, Suppl. Fig. 4). The p53 R273H
mutant showed significantly higher levels of mutant p53 protein
compared to R175H cells (Fig. 2F, Suppl. Fig. 4A and B) and was the
most sensitive to AF (Fig. 2G, Suppl. Fig. 4C). Compared to R273H
mutant, the R175H mutant contained medium levels of mutant p53
protein and had subsequently a higher AF ICs value (Fig. 2F and G,
Suppl. Fig. 4A and B). In relation to the antioxidant related proteins, we
found that Trx protein levels were significantly lower in mutant p53
expressing cells (Fig. 2H). These results contradict the findings of Lisek
et al., and therefore we validated these findings with an additional anti-
Trx antibody (Fig. 2H, marked in red) [48]. Similarly, the two isogenic
mutant p53 cell lines had lower SLC7A11 protein levels (Suppl. Fig. 4D)
consistent with the findings of Liu et al. [24]. GPX4 levels were signif-
icantly higher in the R273H cell line compared to p53 Null and p53
R175H cells (Suppl. Fig. 4D).

Interestingly, in our NSCLC patient population, not all TP53 mutant
patients showed aberrant overexpression of the mutant p53 protein,
indicating that expression level is not a valid marker to distinguish WT
from mutant p53 tumors (Suppl. Fig. 5-6; Suppl. Table 6).

Overall, we identified that the expression levels of p53 protein in
NSCLC were determinant for AF treatment sensitivity in vitro.
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Fig. 2. Cytotoxic response to AF in NSCLC and PDAC cell lines and their p53 expression levels. (A) Dose-response survival curves after 72 hours of AF
treatment (0-8 pM) in eight NSCLC and PDAC cell lines. (B) ICsq values (M) after 72 hours of AF treatment in eight NSCLC and PDAC cell lines with different p53
backgrounds. (C) Spearman’s r correlation between baseline p53 protein expression (determined by Western blotting) and AF ICsq values (pM). (D) Western blots
representing the baseline protein expression of NRF2, catalase, TrxR1, p53, SLC7A11, GPX4, SOD1 and Trx in eight NSCLC and PDAC cell lines. f-actin was used as
internal control. Molecular weights of the proteins are represented in kilodalton (kDa). Quantification of triplicates is presented in Supplementary Fig. 2. (E)
Spearman’s r correlation coefficient between baseline mutant p53 protein and AF ICs, values, and baseline expression of TrxR1, Trx, GPX4, SLC7A11, NRF2, SOD1,
catalase (determined by Western blotting), GSH (determined by luminescence) and ROS (determined by IncuCyte ZOOM analysis) in eight NSCLC and PDAC cell
lines. (F) p53 protein expression in the isogenic mutant p53 R175H and R273H cells (determined by Western blotting). (G) ICs, values (pM) after 72 hours of AF
treatment in the isogenic NCI-H1299 cell panel (determined by SRB assay). (H) Fold change of Trx protein expression, relative to NCI-H1299 Null control cells
(determined by Western blotting using two different anti-Trx antibodies, red dots), in the isogenic NCI-H1299 cell line panel. Experiments were performed at least in
triplicate. Error bars represent the standard deviation. *p < 0.05 significant differences. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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3.3. AF treatment rewires the transcriptome of NSCLC cells towards
antioxidant defense, DNA damage repair and ferroptosis induction

To validate AF’s action as TrxR inhibitor and oxidative stress medi-
ator, we examined its dose-dependent effects on the TrxR activity and
GSH content using cytostatic (1 pM) and cytotoxic (5 pM) concentrations.
TrxR activity was fully depleted with both concentrations of AF already
after six hours of incubation (Fig. 3A). A six hour treatment with 1 pM AF
did not alter GSH content significantly, but a prolonged treatment time of
24 hours resulted in a significant increase in GSH. This most likely rep-
resents a counter mechanism to balance the perturbed redox status
(Fig. 3B). At 5 uM, AF significantly lowered intracellular GSH protein
after six hours and no viable cells were present after 24 hours (Fig. 3B). No
differences were observed based on p53 protein levels.

To further elucidate the mode of action of AF in mutant p53 NSCLC,
we performed a shotgun transcriptome analysis in the isogenic
NCI-H1299 cell line panel following 24 hours treatment with 1 pM
(cytostatic) AF. Pathway analysis (IPA) revealed the NRF2-mediated
Oxidative Stress Response as the top signaling pathway affected by AF in
all three cell lines, independent of p53 protein levels (Threshold of -log
(p-value) > 1.3, Fig. 3C), with HMOX]1 being the strongest differentially
expressed gene (Fig. 3D). AF-mediated upregulation of HMOX1, NRF2
and two other antioxidant related genes TXN and SOD1 were confirmed
at the protein level using Western blotting (Fig. 3E). Consistent with the
cytostatic concentration of 1 pM, G2/M DNA Damage Checkpoint
Regulation was the second most affected pathway (Fig. 3C and D).

In line with the increased GSH content (Fig. 3B), several GSH
biosynthesis related genes (SLC7A11, GCLM and GCLC) were upregu-
lated (Fig. 3D). Interestingly, the GPX4 gene was the only gene of the
GSH pathway significantly downregulated in all three cell lines after AF
treatment (Fig. 3D), which was confirmed at the protein level (Fig. 3E).
Decreased activity of GPX4 is one of the key features of ferroptosis and
closely related to the upregulation of the HMOX1, FTHI and FTL genes,
since they are all linked to the iron homeostasis signaling and ferroptotic
pathways.

Finally, IPA analysis revealed that the Granzyme A (GZMA) signaling
pathway was highly affected by AF treatment with the strongest effect in
the p53 R175H mutant cells (Fig. 3C and D). GZMA is the most abundant
serine protease in the cytotoxic granules of cytotoxic T lymphocytes and
NK cells [49]. Several key targets of GZMA were significantly down-
regulated in the presence of mutant p53 R175H cells, including histones
H1 (H1), High-mobility group protein B2 (HMGB2) and Acidic Nuclear
Phosphoprotein 32 Family Member A (ANP32A) genes (Fig. 3D, Suppl.
Fig. 7). We hypothesize that AF treatment could enhance the suscepti-
bility of mutant p53 NSCLC cells towards NK cell-mediated killing,
operated via the release of cytotoxic granules containing GZMA.

To discover similarities in the mode of action of AF and other drugs,
the transcriptional signature of (cytostatic) AF treatment was compared
to The Library of Integrated Network-Based Cellular Signatures (LINCS)
chemical perturbagen signature database. We found a drug activity that
is closely related to NF-kB, proteasome, AKT, JAK/STAT and histone
deacetylase (HDAC) inhibitors and the ferroptosis inducer withaferin A
(Suppl. Table 7).

Since inhibition of the Trx and GSH system (Fig. 3A and B) results in a
perturbation of the redox balance and increased ROS levels (Fig. 4D), we
next investigated whether the isogenic NCI-H1299 cell line panel was
more prone to experience DNA damage upon treatment with AF. A dose-
dependent induction of replication stress (pRPA32) and overall DNA
damage (yH2AX) was observed in all three cell lines (Fig. 3F and G, Suppl.
Fig. 8). We found a clear p53-dependent difference since accumulation of
yH2AX was significantly higher in the AF treated mutant p53 R175H cells
compared to Null and R273H cells (p < 0.001) (Fig. 3F, Suppl. Fig. 8).

3.4. AF kills mutant p53 NSCLC cells via distinct cell death pathways

DNA damage is a well-known trigger of cell death and transcriptome
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analysis suggested the involvement of ferroptotic pathways. To identify
the molecular determinants of AF-induced cell death, we made use of a
set of specific cell death pathway inhibitors. In the absence of inhibitors,
the sensitizing effect of mutant p53 overexpression to AF-induced cell
death was recapitulated as evidenced by the more than 2-fold increase in
cell death for the p53 R175H and p53 R273H cell lines compared to the
p53 Null cells (Fig. 4A-C, Suppl. Fig. 9). Co-treatment with the ROS
scavenger NAC completely protected all cell lines for AF-induced cell
death, supporting the driving influence of ROS in cell death induction
(Fig. 4A-C). Indeed, quantitative analysis of the intracellular ROS levels
by means of the fluorescent sensor dye CellROX green, revealed that all
cells showed increased levels of ROS after AF treatment (Fig. 4D).
Interestingly, cell death was significantly reduced by the pan-caspase
inhibitor Z-VAD-FMK only in p53 R175H cells, while inhibitors of fer-
roptosis (Ferl, DFO, atoco) partially prevented cell death in p53 R273H
cells (Fig. 4B and C). The significantly higher induction of Caspase 3/7
activity in the R175H cell line (Fig. 4E and F) and the characteristic
induction of lipid peroxidation in the R273H cell line (Fig. 4G and H)
validates that both cell lines die via distinct pathways, namely apoptosis
for the R175H cell line and ferroptosis for the R273H cell line.

Based on Principal Component Analysis of our RNA-seq data, the
mutant p53 R175H cells and p53 Null cells clustered separately from the
mutant p53 R273H cells with high degree of variance, reflecting the dif-
ferences in phenotypic baseline characteristics (Suppl. Fig 10). As previ-
ously discussed, R273H cells also expressed significantly higher levels of
mutant p53 compared to the R175H cell line (Fig. 2F, Suppl. Fig. 4A and B)
which could sensitize the cell for AF treatment according to our hypoth-
esis. However, we do not believe this explains the difference in cell death
mechanisms. We hypothesize that the mesenchymal-like state of the
R273H cells sensitizes them for ferroptotic cell death, as ferroptosis in-
ducers that can target GPX4 or regulate GSH levels are able to eliminate
drug resistance in mesenchymal cancer cells [50]. However, Gene Set
Enrichment Analysis (GSEA) of our RNAseq data showed that
epithelial-mesenchymal transition (EMT) signature genes were not
enriched in the p53 R273H cells over the p53 Null or p53 R175H cells
(Suppl. Fig. 11A). In addition, the R273H cells did not display a higher
migratory and invasive capacity compared to p53 R175H cells
(Suppl. Fig. 11B-D). Yet, Viswanathan et al. recently reported that zinc
finger E-box-binding homeobox 1 (ZEB1), a regulator of EMT and cellular
lipid metabolism via peroxisome proliferator-activated receptor gamma
(PPARG), is causally linked to lipid peroxide vulnerability and GPX4 de-
pendency in high-mesenchymal state cells [51]. Consistent with these
findings, GPX4 protein levels were significantly higher in R273H cells
(Suppl. Fig. 4D); ZEB1, PPARG, CDH2 (N-cadherin) mRNA expression
levels were upregulated compared to R175H and Null cells and CDH1
(E-cadherin) expression was downregulated (Suppl. Fig. 11E). Moreover,
the NCI-H1975 cell line harbors the same mutant p53 R273H protein, but
is classified as epithelial related to its EGFR mutations [52]. Consistent
with our hypothesis, ferroptosis inhibitors failed to rescue NCI-H1975
cells from AF-induced cell death, which acted through caspase-dependent
apoptosis (Suppl. Fig. 12A-B).

3.5. AF induces immunogenic cell death in mutant p53 NSCLC cell lines

Depending on the initiating stimulus, cancer cell death can be
immunogenic. ICD is characterized by the expression and release of
DAMPs by dying tumor cells, which function either as adjuvant or
danger signals to activate DCs and initiate an effective antitumor im-
mune response [53]. Hence, we next investigated the immunogenic
potential of AF-induced cell death in the isogenic NCI-H1299 cell line
panel. A cytotoxic concentration of AF (2 puM) significantly induced
canonical DAMPs including surface exposure of ecto-CALR (Fig. 5A,
Suppl. Fig. 13), secretion of ATP (Fig. 5B) and release of HMGB1 into the
supernatant (Fig. 5C) in all three cell lines. We checked if these DAMPs
in turn triggered DC maturation to establish an effective adaptive im-
mune response. Indeed, we observed a significant increase in the mature
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Fig. 3. Effect of AF on mRNA and protein targets related to antioxidant mechanisms, ferroptosis and DNA damage. (A) TrxR activity in pMol/Minute/
mgProtein after treatment of the isogenic NCI-H1299 cell lines with a cytostatic (1 pM) and cytotoxic (5 pM) AF concentration for six and 24 hours. (B) Relative GSH
protein content after treatment of the isogenic NCI-H1299 cells with a cytostatic (1 pM) and cytotoxic (5 pM) AF concentration for six and 24 hours, relative to
untreated. Error bars represent the standard deviation. *p < 0.05 significant differences compared with untreated control. (C) Ingenuity pathway analysis of affected
pathways after treatment with 1 pM AF for 24 hours in the isogenic NCI-H1299 cell lines. Color key legend represents -log (p-value). (D) Differentially expressed
genes after AF treatment, relative to untreated, in the isogenic NCI-H1299 cell lines. Color key legend represents expression log, ratio (red = upregulation; green =
downregulation). (E) Western blot was used to determine the protein levels of NRF2, HMOX1, GPX4, SOD1 and Trx in the isogenic NCI-H1299 cells after treatment
with 1 pM AF for 24 hours of two independent replicates (REP1 and REP2). p-actin was used as internal control. Molecular weights of the proteins are represented in
kilodalton (kDa). (F-G) Box plot representing yH2AX spot occupancy (F) and pRPA32 nuclear intensity (G) calculated using an algorithm on Image J software, in the
isogenic NCI-H1299 cell lines treated with PBS, 1 uM and 2 pM AF for 24 hours. Representative images are presented in Supplementary Fig. 8. Box boundaries
represent the upper and lower quartiles and the black line within represents the median. The whiskers display the 95% confidence interval, while the dots outside the
whiskers represent outliers. Experiments were performed at least in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in
Ehis figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Induction of apoptotic and ferroptotic cell death after AF treatment of mutant p53 NSCLC cells. (A-C) Percentage of cell death after treatment with 2
uM AF for 72 hours in the absence or presence of apoptosis, necroptosis and ferroptosis inhibitors and ROS scavenger NAC in the isogenic p53 Null (A), p53 R175H
(B) and p53 R273H mutated NCI-H1299 cells (C). (D) Fold change of the CellROX Green Calibration Units (GCU), relative to untreated, of the three isogenic
NCI-H1299 cell lines after treatment with 2 pM AF for 16 h. (E-F) Percentage of Caspase-3/7 green positive cells (E) and Caspase-3/7 total green objected integrated
intensity (GCU x pm?/image) (F) in the isogenic NCI-H1299 cell lines after treatment with 2 uM AF for 72 hours. Error bars represent the standard error of the mean.
(G) Overlay histograms of C11 BODIPY Green 581/591 signal after treatment of the isogenic NCI-H1299 cell lines with PBS, 2 uM AF (48 hours) or cumene hy-
droperoxide (positive control, 2 hours). (H) Relative ratio of red over green mean fluorescent intensity (MFI) signal of the C11-BODIPY 581/591 reagent after
treatment with 2 pM AF (48 hours) or cumene hydroperoxide (positive control, 2 hours) of the isogenic NCI-H1299 cell lines. Error bars represent the standard
deviation. Experiments were performed at least in triplicate. *p < 0.05 significant differences compared to untreated control. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

CD86-+/MHC-1I+ DC population (Fig. 5D and E, Suppl. Fig. 14) whereby
the expression levels of both markers strongly increased (Suppl. Fig. 15)
without inducing DC-mediated cytotoxicity towards the NCI-H1299
tumor cells (Suppl. Fig. 16). Since the maturation of DCs is associated
with changes in the production of proinflammatory and

11

immunosuppressive cytokines [54], we analyzed the secretion of IL-6,
TNF-a as well as TGF-§ in co-cultures, respectively. The interaction be-
tween DCs and AF-treated isogenic cells significantly decreased the
release of TNF-a (Fig. 5F), IL-6 (Fig. 5G) and TGF-p (Fig. 5H), inde-
pendent of (mutant) p53 expression levels. Collectively, these in vitro
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Fig. 5.

AF treatment of mutant p53 NSCLC cells induces the release of ICD markers and DC maturation. (A) Percentage of surface-exposed ecto-calreticulin

(ecto-CALR) positive NCI-H1299 Null, p53 R175H and p53 R273H cells after treatment with 2 uM AF for 48 hours. Gating strategy of CALR+ cells represented in
Supplementary Fig. 13. (B) Secretion of ATP in the supernatant of the isogenic NCI-H1299 cell lines 24 hours after treatment with 2 pM AF (nM range). (C) HMGB1
secretion induced 48 hours after treatment with 2 pM AF in the isogenic NCI-H1299 cells (ng/mL range). (D) Percentage of MHC-II and CD86 double positive DCs
after 48 hours of co-culture with AF-treated H1299 null, p53 R175H and p53 R273H cells (E:T ratio 1:1) using flow cytometry, relative to untreated. Gating strategy
represented in Supplementary Fig. 14. Error bars represent the standard deviation. (E) Contour plots of the DC population double positive for MHC-II and CD86 in co-
culture with either PBS- or AF-treated mutant p53 R175H cells. (F-H) Fold change of the cytokines TNF-«a (F), IL-6 (G) and TGF-$ (H) released by DCs in supernatant
of co-cultures with PBS- or AF-treated NCI-H1299 cells. Error bars represent the standard error of the mean with every dot representing a different healthy donor.
Experiments were performed in triplicate. *p < 0.05 significant differences compared with untreated control. DCs: dendritic cells.

results showed that AF treatment induced the release of the most
important hallmarks of ICD (ecto-CALR, ATP and HMGB1) and DC
maturation (CD86 and MHC-II), independent of (mutant) p53 expres-
sion or cell death pathway, and dampened the release of cytokines.

3.6. AF primes mutant p53 NSCLC cells for IL-15-stimulated NK cell-
mediated killing

Transcriptome analysis showed that AF downregulated key targets of
GZMA (HMGB2, ANP32A and linker histone H1; Fig. 3C and D and Suppl
Fig. 7) in p53 R175H and R273H cell lines. These targets play a critical
role in GZMA-induced nuclear damage via NK cells [49]. Therefore, we
hypothesized that AF treatment could enhance the susceptibility of
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mutant p53 NSCLC cells towards NK cell-mediated killing, operated via
the release of cytotoxic granules containing GZMA. To test this, we
co-cultured the isogenic NCI-H1299 cells with IL-15-primed NK cells
(10 ng/mL). In this setting, exposure of the NSCLC cells to a non-toxic
dose (0.55 pM) of AF significantly increased cell death, especially in
p53 R175H cells (Fig. 6A and B). Contrary to Granzyme B, GZMA acti-
vates caspase-independent programmed cell death via its unique sub-
strates and mediators [49]. When significantly blocking of
caspase-dependent cell death via Z-VAD-FMK (Fig. 6C), NK
cell-mediated killing of AF-treated R175H cells was not significantly
decreased compared to unblocked conditions (Fig. 6D). These data
suggest a potential role for caspase-independent GZMA in the
augmented killing of AF-treated NCI-H1299 cells.
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To further unravel the underlying mechanism via which the com-
bination of AF + IL-15 NK cells increased the killing of mutant p53
NSCLC cells, we asked whether AF treatment either stimulated the
activation of NK cells or rather made tumor cells more vulnerable to NK
cell-mediated killing, corresponding with our GZMA dependent hy-
pothesis (Fig. 6E and F, Suppl. Figs. 17 and 18). IL-15 is a cytokine that
is known to increase the proliferation and activation of NK cells [55],
as shown by the upregulation of CD69, CD107a and IFNy expression on
NK cells (Suppl. Fig 18A-C). Since the expression of intracellular
GZMA was present in the entire NK cell population (Suppl. Fig. 18C),
the effect of IL-15 stimulation and AF treatment on this expression was
limited (Suppl. Fig. 18A-C). Importantly, AF treatment did not
significantly change the expression of any marker on unstimulated
(Fig. 6E) or IL-15 stimulated (Fig. 6F) NK cells, indicating that AF has
limited effect on the function and activation of NK cells.

To broaden the applicability of AF’s induced susceptibility towards
NK cell-mediated killing, an additional WT p53 NSCLC cell line (A549)
and two mutant p53 PDAC cell lines (MiaPaca and BxPC3) were
included (Suppl. Fig. 19). Comparable to p53 Null NSCLC cells, AF
treatment did not affect NK cell-mediated killing of the WT p53 A549
cells. On the other hand, exposure of both mutant p53 expressing PDAC
cells MiaPaca and BxPC3 to AF increased NK cell-mediated tumor cell
killing (Suppl. Fig. 19).

In conclusion, AF primed mutant p53 NSCLC for killing by IL-15
stimulated NK cells, without affecting NK cell activation, degranula-
tion or intracellular GZMA expression.

4. Discussion

The therapeutic efficacy of AF against cancer together with its rela-
tive safety profile in patients highlights its potential as an attractive drug
for clinical treatment of cancer [9]. This study emphasizes the versatility
of this compound to be repurposed as an anticancer therapy in mutant
p53 expressing NSCLC, highlighted by five key aspects.

First, our study and others have shown that AF’s main mechanism of
action, at both cytostatic and cytotoxic concentrations, is the inhibition
of the redox enzyme TrxR [56,57]. To confirm the targetability of the
Trx system in NSCLC, strong TrxR expression was detected in the ma-
jority of our NSCLC patient group at the protein level and in the LUAD
TCGA-cohort at the mRNA level. Similarly, Soini et al. reported a
significantly increased expression of both Trx and TrxR in 89 NSCLC
cases with only 3 and 8 negative cases, respectively [58]. In general,
NSCLC has been identified as one of the tumor types with the highest
TrxR expression both in vitro and in vivo [16,58,59]. Since TrxR protein
was also strongly expressed in all stages of our NSCLC patient popula-
tion, targeting TrxR/Trx system via AF will have a broad application in
the treatment of NSCLC, which was further exploited in this study.

Second, out of ten potential antioxidant predictive biomarker pro-
teins, we are the first to identify mutant p53 abundance rather than
status as an important sensitizer for AF treatment in NSCLC and PDAC
cell lines due to reduced Trx expression and overall lower expression of
several antioxidant proteins in vitro. Our main focus was on NSCLC
adenocarcinoma, but we included mutant p53 PDAC cell lines to
determine if AF can be used as a tumor-agnostic therapy with a broader
application radius.

Trx and TrxR are major proteins taking part in the regulation of many
transcription factors, including p53, and thus the redox state of cells [60,
61]. The interaction between TrxR and p53 was already exploited by
studies using the p53-reactivating compounds RITA or APR-246. These
therapies also inhibited TrxR activity in a tumor-dependent and
p53-dependent manner, whereby the dual targeting of p53 and TrxR
resulted in ROS-induced cytotoxicity [62-64]. In addition, previous
results of our group have demonstrated that inactivating TP53 muta-
tions were associated to a shortened time to progression and decreased
patient survival time in the NSCLC patient population [32,33]. More
than 75% of these mutations result in aberrant accumulation of a full
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length p53 protein, typically with only a single amino acid substitution.
In most cases, these mutant p53 proteins lost their WT tumor suppressor
function and acquired an oncogenic GOF, as in the mutant p53 R175H
and R273H cells [65,66], which could be therapeutically exploited by
AF as shown in this study.

However, our in vitro results contradict with the report of Lisek et al.
showing that induction of mutant p53 variants in breast and lung cancer
(R175H) cells leads to higher expression of the TXN gene and corre-
sponding Trx protein [48]. To detect Trx protein, researchers of this
report used a now discontinued anti-Trx antibody (sc-20146, Santa Cruz
Biotechnology). Therefore, we used two Trx antibodies of different
companies to observe that isogenic mutant p53 overexpression was
negatively correlated with AF ICsq values and Trx levels in vitro.

Using the same isogenic mutant p53 NCI-H1299 setting in vitro, Liu
and colleagues demonstrated that mutant p53 accumulation diminished
GSH synthesis by blocking NRF2-dependent transcription of SLC7A11, a
unit of the cystine/glutamate antiporter system xC- [24]. Contrary, we
observed that mutant p53 was no limiting factor in the activation of
NRF2 and GSH levels, despite reduced expression of SLC7A11 in the
mutant p53 NCI-H1299 cells. It has already been reported that loss of
the Trx system upregulates the GSH system as a backup role to prevent
cancer cell death [56,67]. Therefore, in an attempt to overcome the
toxicity of AF-mediated TrxR inhibition, our data showed that all mutant
P53 NSCLC cells first boosted their antioxidant defense capacities by
upregulation of pro-survival molecules, such as NRF2 and GSH, to
maintain their redox balance. However, in spite of these feedback
mechanisms, simultaneous depletion of GSH levels and inhibition of
TrxR at a cytotoxic concentration of 5 pM AF further pushed cancer cells
to cross the threshold of cell death, independent of their (mutant) p53
expression levels. This is in line with the report of Hatem et al. showing
that AF targeted cooperatively the GSH and Trx systems in NSCLC and
breast cancer cell lines [68].

Altogether, we showed that AF attenuated mutant p53 GOF effects
by killing mutant p53 cells with higher p53 protein levels more
efficiently.

Third, we discovered that AF sensitized mutant p53 R175H NSCLC
cells for DNA damage, replication stress and Caspase-3/7-dependent
apoptosis while p53 R273H cells were more vulnerable to AF-induced
ferroptotic cell death due to downregulation of GPX4 and lipid
peroxidation.

Findings of multiple reports already linked ferroptosis to p53
signaling, which is reported to depend on p53 mutation status, cell-type
and cellular context [69-71]. In addition, Liu and colleagues proposed
that accumulation of p53 R175H and R273H protein sensitized lung
cancer cells to ferroptosis by transcriptional suppression of SLC7A11
[24]. Ferroptosis is triggered by inactivation of GPX4, which leads to the
accumulation of toxic lipid hydroperoxides, iron-mediated lipid perox-
idation and cell death [70]. To our knowledge, we are the first to
demonstrate that AF decreases the expression of both GPX4 mRNA and
GPX4 protein levels in an isogenic mutant p53 NSCLC setting. However,
only AF-mediated cell death of the R273H cells was inhibited by specific
ferroptosis inhibitors and induced lipid peroxidation. As proposed by a
report of Viswanathan et al. [50], we showed that increased expression
of ZEB1 and CDH2 genes, downregulation of CDH1 and higher basal
GPX4 levels, potentially made mutant p53 R273H cells more vulnerable
to ferroptotic triggers, compared to its isogenic counterparts. Contrary
to several reports [72-74], p53 R273H did not exhibit EMT character-
istics that promoted cellular migration and invasion. In addition,
Thompson et al. reported that both mutant p53 expressing NCI-H1299
cells and mutant p53 cells from other malignancies displayed an
increased sensitivity for the ferroptosis inducer erastin, compared to WT
p53 cells. Contrary to our results, lipid peroxidation in the mutant p53
R273H NCI-H1299 cells did not increase in response to erastin, due to
their higher levels of basal lipid peroxidation. Altogether, the mecha-
nisms contributing to increased ferroptotic sensitivity in mutant p53
expressing cells are complex and may not be consistent between distinct
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Fig. 6. Effect of AF treatment on co-cultures of mutant p53 NSCLC cells and natural killer cells. (A) Percentage of death NSCLC cells in co-cultures of (IL-15)
NK cells and NCI-H1299 Null, p53 R175H and p53 R273H cells exposed to a non-toxic concentration of 0.55 pM AF for 72 hours. Every dot represents NK cells
isolated from a different healthy donor added to the co-culture in 5:1 E:T ratio. Error bars represent the standard error of the mean with every dot representing a
different healthy donor. *p < 0.01, **p < 0.001. (B) Representative IncuCyte ZOOM images show the number of NucLight Red positive viable p53 R175H cells and
Cytotox Green positive dead p53 R175H cells. (C) Caspase-3/7 total green objected integrated intensity (GCU x pm?/image) in co-cultures of (IL-15) NK cells and p53
R175H cells exposed to Pan-caspase inhibitor Z-VAD-FMK (50 pM) and a non-toxic concentration of 0.55 pM AF for 48 hours. *p < 0.05 (D) Percentage of death
NSCLC cells in co-cultures of (IL-15) NK cells and p53 R175H cells exposed to Pan-caspase inhibitor Z-VAD-FMK (50 pM) and a non-toxic concentration of 0.55 pM AF
for 72 hours. Error bars represent the standard error of the mean with every dot representing a different healthy donor. (E) Overton percentage of CD107a, IFNy,
CD69 and GZMA positive unstimulated NK cells in co-culture with AF-treated NCI-H1299 Null, p53 R175H and p53 R273H cells, relative to unstimulated NK cells in
co-culture with PBS-treated cells. (F) Overton percentage of CD107a, IFNy, CD69 and GZMA positive IL-15 stimulated NK cells in co-culture with AF-treated
NCI-H1299 Null, p53 R175H and p53 R273H cells, relative to IL-15 stimulated NK cells in co-culture PBS-treated cells. IL-15 NK cells were stimulated with 10
ng/mL IL-15 overnight. Gating strategy represented in Supplemental Fig. 17. Error bars represent the standard deviation with every dot representing a different
healthy donor. NK cells: natural killer cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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TP53 mutation types [71,75]. However, with AF, we were able to kill
p53 R273H overexpressing cells in a ferroptotic fashion via GPX4
inactivation and lipid peroxidation.

According to the LINCS chemical perturbagen signature database,
AF’s drug activity is closely related to the ferroptosis inducer withaferin
A. The natural phytochemical withaferin A has been proposed as
ferroptosis-inducing agent in neuroblastoma by targeting GPX4 and/or
enhancing of the labile Fe(II) pool through excessive HMOX1 activation
[76]. The latter is part of the noncanonical ferroptotic induction char-
acterized by activated NRF2 pathway. Similarly, we demonstrated that a
cytostatic AF concentration upregulated NRF2-mediated oxidative stress
response with increased expression of NRF2 target genes HMOX1 and
FTH1. HMOX1 induction was already shown by others to be dependent
on TrxR inhibition [77-79].

Fourth, we are the first to demonstrate the immunogenic potential of
AF-induced apoptotic and ferroptotic cell death in isogenic mutant p53
NSCLC cell lines in vitro.

Although the anti-inflammatory effect of AF has been widely
exploited for the treatment of RA, little is known on the immunomod-
ulatory effects of AF-treated tumor cells. The ability of cancer therapies
to induce ICD depends on their ability to induce ER stress and ROS
production [80]. Increased ROS following AF treatment in lung cancer
has already been well established by our study and others [81], and the
induction of ER stress has been described in chronic lymphocytic leu-
kemia [79] and gastric cancer [47]. Our data is the first to show a sig-
nificant increase in ICD-related DAMPs and DC maturation following AF
treatment in mutant p53 NSCLC in vitro. Interestingly, DC-mediated
secretion of the immunosuppressive TGF-§ cytokine decreased in
co-cultures with AF-treated NSCLC cells, compared to their untreated
counterparts. TGF-f plays a major role in immunosuppression within the
tumor microenvironment through the prevention of immune infiltration
into tumor tissue and promotion of tumor cell proliferation [82]. Both
DAMPs and DC maturation occurred independent of the mutant p53
expression and the type of AF-induced cell death, with which we are one
of the first studies to describe the immunogenicity of ferroptosis in vitro
[83-85]. We are aware that the golden standard assay for validating ICD
is the in vivo vaccination assay. However, we believe that this assay is of
little value, since it does not take into account the effect of AF on im-
mune cells in vivo. Therefore, this will be studied in depth in a future
study to accurately map the influence of AF on the antitumor immunity
cycle in vivo. The cooperation between AF and anti-PD-L1 therapy in
triple-negative breast cancer mouse model supports the use of AF as an
immunomodulating agent [86].

Fifth, we observed that AF primed mutant p53 NSCLC cells for
caspase-independent NK cell-mediated killing by downregulation of
GZMA targets in vitro, without affecting NK cell activation, degranula-
tion or intracellular GZMA expression.

GZMA is the most abundant serine protease in the cytotoxic granules
of cytotoxic T lymphocytes (CTL) and NK cells activating a programmed
cell death pathway that morphologically resembles apoptosis but has
unique substrates and mediators. NK cells are functionally similar to
CTL, but are able to kill target cells without any antigen priming or prior
activation. Current cancer immunotherapies mainly focus on CTL, but
have also many toxicity and efficacy problems [87]. Therefore, NK cells
were chosen as proof of concept to study the effect of AF treatment on
immune cell-mediated cancer cell killing in vitro. Since AF was used as
an antirheumatic drug in the 1980’s, various older studies already re-
ported an augmentation of NK cell activity by lower doses of AF in vitro
and in RA patients [88-90]. In our study, we are the first to demonstrate
that AF increases caspase-independent NK cell-mediated killing of
mutant p53 NSCLC cells.

Compared to the daily dosage of 6 mg AF in RA patients, it has been
shown that much higher doses of AF must be given in vivo to inhibit TrxR
activity in the tumor in mice [91,92] and a relatively high concentration
of AF is required in vitro to induce cancer cell death as shown by our
study and others [22]. Consequently, it might prove challenging to
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obtain sufficiently high concentrations of AF in the patient’s tumor
without increasing unwanted side-effects [9,93,94]. However, new
technological innovations such as AF-loaded nanoparticles could offer a
possible solution since they are able to achieve a desired effect at the
right place in the body and minimize systemic cytotoxicity [95,96].
Alternatively, well-designed combination strategies might limit the need
for high AF doses.

5. Conclusion

We demonstrated the high effectiveness of AF in eradicating NSCLC
cells via distinct molecular mechanisms, including apoptotic and fer-
roptotic cell death dictated by the overexpression of mutant p53 protein.
Irrespective of (mutant) p53 expression, both cell death mechanisms
resulted in a significant increase of DAMPs and maturation of DCs in
vitro. In addition, AF primed mutant p53 expressing NSCLC cells for
caspase-independent NK cell-mediated killing by downregulation of
several key targets of GZMA, without affecting NK cell activation,
degranulation or intracellular GZMA expression. Altogether, our study
provides novel in vitro data on the underlying mechanisms of AF-
mediated cell death and its positive effect on the innate immune
response in p53 mutant NSCLC, supporting its use as a versatile anti-
cancer agent.
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