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Abstract

Therapy resistance is the major cause of cancer death. As patients respond
heterogeneously, precision/personalized medicine needs to be considered,
including the application of nanoparticles (NPs). Success of therapeutic NPs
requires to first identify clinically relevant resistance mechanisms and to define
key players, followed by a rational design of biocompatible NPs capable to target
resistance.

Consequently, we employed a tiered experimental pipeline from in silico to
analytical and in vitro to overcome cisplatin resistance. First, we generated
cisplatin-resistant cancer cells and used next-generation sequencing together
with CRISPR/Cas9 knock-out technology to identify the ion channel LRRC8A as
a critical component for cisplatin resistance. LRRC8A's cisplatin-specificity was
verified by testing free as well as nanoformulated paclitaxel or doxorubicin. The
clinical relevance of LRRC8A was demonstrated by its differential expression in
a cohort of 500 head and neck cancer patients, correlating with patient survival
under cisplatin therapy. To overcome LRRC8A-mediated cisplatin resistance, we
constructed cisplatin-loaded, polysarcosine-based core cross-linked polymeric
NPs (NPcis, ©@~28 nm) with good colloidal stability, biocompatibility (low
Immunogenicity, low toxicity, prolonged in vivo circulation, no complement
activation, no plasma protein aggregation), and low corona formation properties.
2D/3D-spheroid cell models were employed to demonstrate that in contrast to
standard of care cisplatin, NPcis significantly (p<0.001) eradicated all cisplatin-
resistant cells by circumventing the LRRC8A-transport pathway wvia the
endocytic delivery route.

We here identified LRRC8A as critical for cisplatin resistance and suggest
LRRC8A-guided patient stratification for ongoing or prospective clinical studies
assessing therapy resistance to nanoscale platinum drug nanoformulations versus
current standard of care formulations.

Keywords

nanomedicine °* cisplatin resistance °* rational design °* personalized medicine
polypept(o)ides
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Introduction

Cancer is one of the main causes for human hospitalizations and deaths
globally.1.2 Classical cancer treatments include surgical removal, radiotherapy,
and (immuno-)chemotherapy. Despite the initial treatment success of
chemotherapeutics, the development of therapy-resistance over time is the main
cause for deaths for all types of cancer, urging for improved strategies to overcome
resistances.

The rapid progress in nanotechnology combined with our increased knowledge of
the complex cross-talk at nano-bio interfaces has raised high expectations in
nanomedicine to also combat cancer, including therapy resistances.35 Numerous
delivery and theranostic nanotools have been developed to date, often claiming to
be superior to small molecule chemotherapeutics due to sustained drug release,
better cancer cell uptake, enhanced permeation and retention (EPR) effect in
tumors, prolonged bioavailability, and less side-effects.6-10 Impressive
developments also include the design of multifunctional nano-tools, allowing co-
deliveries of drugs with siRNAs or peptides as well as the addition of active tumor
cell targeting decoys, such as antibodies, aptamers or peptides onto the NPs’
surfaces.!1-15 Moreover, NPs have been reported to better kill resistant cancer cells
through enhanced cell internalization, stimuli-responsive drug release, inhibition
of drug efflux, and more. However, postulated effects have not always been
investigated sufficiently or understood mechanistically and multifunctional nano-
tools have not reached the clinic yet.16

Though, the use of nanoscale platinum drug delivery devices (soft or hard
nanoparticles, such as Lipoplatin, SPI-077 or NC-6004) as potential alternatives
have entered (pre)clinical studies.61719 Among these, the small-sized polymeric
micelles of NC-6004 currently exhibit the greatest potential for -clinical
translation (phase III). The evolution of NC-6004 from poly(asparagine) to poly(L-
glutamic acid) as the functional polymer block provided stable yet reversible
conjugation of cisplatin.620-22 Despite these advances, the successful clinical
translation of such nanomedicals, particularly of 'hard' NPs, is still limited.
Notably, besides safety/toxicity considerations for the active drug, it is expected
and desired that nanoencapsulation is changing the pharmacokinetics of a drug,
which needs to be taken into consideration for the application.23 Moreover, the
biocompatibility of the used nanocarriers needs, including biomolecule corona
formation, need to be examined as well. It is accepted that when NPs enter
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(patho)physiological environments, proteins and other biomolecules rapidly bind
to the nanomaterial surface, leading to the rapid formation of a biomolecule
corona. The corona may be critically co-defining the biological, medical,
biotechnological and pathophysiological identity of NPs, although the mechanistic
details have not been resolved in detail 2430 As the impact of the corona can still
not be predicted reliably, the design of NPs with low biomolecule adsorption
properties is desirable and can be achieved by several chemical functionalization
strategies.31:32 Here, the use of polypept(o)ide-based formulations promise good
colloidal stability, biocompatibility (low immunogenicity, low toxicity, prolonged
in vivo circulation, no complement activation, no plasma protein aggregation),
and low corona formation properties. Polypept(o)ides are hybrid copolymers
combining polypeptides with the polypeptoid polysarcosine (pSar, poly(/N-methyl
glycine)), which is biologically well tolerated.33.34 pSar is considered a promising
alternative to poly(ethylene glycol), showing advantages of reduced
proinflammatory cytokine secretion, reduced complement activation, and evasion
of the accelerated blood clearance (ABC) phenomenon.35-38

However, despite the impressive progress on potential nanomedicals, their
clinical applicability and superiority compared to drug formulations used in the
clinical routine for decades needs to be based on a mechanistic understanding of
their advantages.3:5:39

First-line chemotherapy head and neck cancers (HNSCC) is predominantly
platinum-based with cisplatin being the primary option despite its drawbacks like
severe nausea, dose-limiting nephrotoxicity, myelosuppressive effects, ototoxicity
or peripheral neuropathy.40-42 Differences in the toxic effects of platinum
compounds are mainly due to their chemical reactivity but seems also to be
influenced by the expression of organ/cell-specific drug transporter/detoxification
machineries.6:43-48

Resistance to chemotherapeutics, such as platinum-based drugs, on the
individual, organismal as well as on the cancer cell level are manifold, complex,
and not yet fully understood.6.43-45 Especially in head and neck cancers (HNSCCs)
as well as in other malignancies, therapy resistant relapses are common due to
molecularly highly heterogeneous cell populationsi and associated with high
patient morbidity.4950 Main clinically relevant effects impact the drug’s
intracellular concentration and induced DNA damage, ultimately triggering
cancer cell death (Figure 1a).46-48 Cisplatin-resistant cancer cells may show a wide
range of responses, including decreased cellular drug uptake, increased drug
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efflux, enhanced DNA repair, improved drug detoxification as well as additional
prosurvival signaling pathways.46
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Figure 1: Summary of suggested potentially cisplatin resistance mechanisms and
experimental pipeline to overcome chemoresistance. a) Illustration summarizing
suggested main cellular cisplatin resistance mechanisms. Reducing the drug’s intracellular
concentration may result from reduced expression of drug uptake transporters, increased
expression of drug efflux pumps, enhanced drug detoxification, improved DNA repair as
well as additional prosurvival signaling pathways. Cisplatin and cell compartments are
indicated. Not drawn to scale. b) Illustration summarizing the study's tiered experimental
targeting strategy.

Adding even another level of complexity, it is accepted that depending on the type
of resistance mechanism combined with their (epi)genetic fingerprints, patients
may respond differently to (nano)therapeutics, necessitating
precision/personalized treatments.1851 The field, including the FDA, thus started
to move away from block-buster treatments for all patients who may not profit
but rather suffer from often expensive therapeutics. Examples for such
precision/personalized treatments from the current clinical routine are
therapeutic antibodies for the treatment of EGFR-expressing head and neck and
colorectal tumors or Her2-positive breast cancers, as well as the application of
kinase inhibitors/therapeutic antibodies for Ras-mutated lung cancers.52-55

The aim of the study was to develop a nanomedical-based strategy to overcome
therapy resistance as part of a potential personalized medicine approach. It is
evident that the clinical need as well as success of therapeutic NPs to break
chemoresistances requires to first identify clinically relevant (personalized)
cancer resistance mechanisms and key players followed by a rational design and
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application of targeting NPs to overcome the identified resistances (overview and
experimental strategy see: Figure 1; Supplementary Figure S1).

Consequently, we here employed a tiered experimental pipeline from in silico to
analytical and in vitro to overcome cisplatin resistance in head and neck cancer
as a clinically relevant model. Collectively, we identified the ion channel LRRC8A
as a critical component for cisplatin-specific uptake and resistance, confirmed its
potential clinical relevance, and applied cisplatin-loaded NPs to kill cisplatin-
resistant cells by bypassing the LRRC8A-transport pathway. The strategy and
results of our study may aid the personalized application of nanomedicals to
overcome chemotherapy resistance in general.

Results and Discussion

Identification of Molecular Pathways and Key Players of Cisplatin Resistance

Focusing on head and neck cancer (HNSCC) as a clinically highly relevant disease
entity, we first generated cell culture models to identify molecular cisplatin
resistance mechanisms, which is not trivial for an effective anticancer drug.
Whereas tumors in patients contain >109 cells as a starting population to select
cisplatin-resistant (stem)cell clones over months or years, in vitro cell cultures
start with much lower cell numbers and a less heterogeneous phenotypic
population. However, a homogeneous cisplatin-resistant cell line favors the
identification of resistance pathways by molecular 'omics' methods. By selecting
HNSCC Fadu cells with subtoxic concentrations of cisplatin (3-5 uM) for six
months, we successfully established a cisplatin-resistant cell line, Faduc (Figure
2a). Compared to the parental Faduwr cells, Faduc cells were highly resistant to
cisplatin (~2 uM versus < 20 uM) used to treat HNSCC patients in the clinical
routine. Macroscopically, Faduc did not show differences to the initial cell
population (Figure 2b). Of note, the cisplatin-resistant phenotype was maintained
even when Faduc cells were cultured in the absence of cisplatin for up to one
month, indicating that stable genetic alterations have occurred. This marked
Faduc cells as an ideal tool to identify HNSCC resistance mechanisms. Thus, we
next performed next-generation RNA sequencing as a powerful tool to obtain
genome-wide transcriptomics profiles. Although current bioinformatic algorithms
seem to facilitate the comparison and (meta-)analysis of gene expression data
generated by different profiling platforms from data bases, it is accepted that
optimal results are obtained by using the same platform. To reduce intrinsic
technical variations, generating 'data noise' and potentially occluding data
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reliability, we analyzed the samples in three independent replicates in a single

experiment.
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Figure 2: Identification of molecular players most relevant for cisplatin
resistance. a) Illustration of selection process to establish cisplatin-resistant Faduc cells.
b) Similar cell morphology visualized by microscopy. Nuclei stained with Hoechst dye
(blue). Scale bar, 20 um ¢) Faduc are highly cisplatin-resistant. Cells treated for 48h and
viability normalized to untreated controls. d) RNASeq-transcriptomics to identify cisplatin
resistance candidates. Heatmap analysis of FPKM values visualizing genes differentially
expressed in cisplatin sensitive (Fadu) versus resistant (Faduc) cells (green: down-
regulated, red: up-regulated; full list of genes and raw expression data: Supplementary
Table S5 and S6). Potentially most relevant transporter genes LRRC8A, CTR1, and ABCC1
are marked. e) Immunofluorescence detection of EpCAM and LRRCB8A. Cells were stained
5 um. f) Differential expression of LRRCS8
components. LRRC8A expression was significantly reduced in cisplatin-resistant (Faduc)
cells, LRRCS8E slightly upregulated. RNA intensities (FPKM) in n = 3 samples shown.
Statistical analysis by unpaired Student’s t-test. *, p<0.05; *** p<0.005. g) Immunoblot
analysis confirming decreased protein levels of LRRC8A in Faduc cells. GAPDH served as
loading control. Cells were stained with indicated antibodies. MW (kD) is indicated.

with indicated antibodies. Scale bar,

The comprehensive data sets were subsequently bioinformatically analyzed to
identify genes differentially expressed between cisplatin sensitive and resistant
cells (see Supplementary Figure S1, Supplementary Table S6). Here, genes
significantly differentially expressed (p<0.05 as the cut-off) in our cisplatin
resistant cell model were selected by strictly following established protocols. As
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the data volume and complexity from RNA-seq experiments necessitate fast,
scalable, and mathematically principled analysis, we used the approaches
described in detail in the excellent works of Love et al. and Trapnell et al., mainly
using TopHat, Cufflinks, and negative binomial distribution assisted by DESeq?2
to perform such analyses.56:57 Qur protocol begins with raw sequencing reads and
produces a transcriptome assembly, lists of differentially expressed and regulated
genes and transcripts (see Supplementary Table S5, S7 and heatmap Fig. 2d, left).
As indicated also in Supplementary Table S5, it is not uncommon to find genes
with relatively small fold changes (e.g., less than twofold) in expression marked
as significant. This reflects the high overall sensitivity of RNA-seq compared with
other whole-transcriptome expression quantification platforms. We identified
potential factors involved in cisplatin resistance by transcriptomics relying on
significantly differentially transcribed genes in our cell model (Fig.2;
Supplementary Table S8; summarized in Supplementary Table S6-S7).
Supplementary Table S7 lists the most significant genes that were up- or
downregulated with their respective gene IDs and locus, absolute values, and
ratios ranked by significance. Notably, the data set showed good correlation of the
three independent replicates confirming the experimental quality and reliability
of the data, prerequisite for their subsequent bioinformatic exploitation.

As several proteins have already been suggested to be directly or indirectly
involved in influencing cisplatin resistance,485859 we additionally performed
supervised analyses of such factors, supported by Ingenuity/Reactome pathway
tools, 60 and further meta-analyses including overall survival Kaplan Meier curves
of The Cancer Genome Atlas collective (Supplementary Figure S2-S3).
Hierarchical clustering was performed on a selected subset of 58 of these
candidates (Figure 2d left; Supplementary Table S5). The candidates were further
condensed, based on their highest potential as relevant cisplatin resistance
factors (Figure 2d, right) (Supplementary Figure S1). Besides indirect
contributors such as cell signaling and/or cell cycle regulators (e.g., STATSs, p21)
or proteins known to be involved in detoxifications processes of metal ions, such
as glutathione conjugation enzymes (e.g., GSTK1), also (metal) ion/small molecule
uptake and export transporter (e.g., CTR1, ABC/MDR, LRRC8A, MRP1)16:61-63
were significantly differentially expressed. Notably, in contrast to other studies
reporting for example enhanced expression of the (metal) ion/small molecule
export transporter MRP1,'6 we found its reduced expression in the cisplatin-
resistant cells. Likewise, the drug uptake transporter CTR1 was up-regulated in
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the cisplatin-resistant cells, in contrast to other reports.62 Of note, none of these
studies did perform a direct genome-wide comparison of relevant resistance
factors employing sensitive vs resistant models.

The Drug Uptake Transporter Component LRRC8A is a Critical Determinant for
Cisplatin Resistance

As a strong candidate for cisplatin uptake and resistance in our data set, we
further investigated LRRC8A, significantly down-regulated in all of the cisplatin-
resistant cell samples. LRRC8A is the constituting member of the volume-
regulated anion channel (VRAC), a heteromer constituted of six subunits,
composed of LRRC8A/B/C/D and E (Figure 3a).6465 Its differential expression has
been suggested to additionally affect various tumor cell survival pathways,
including (selective) drug uptake and resistance.61.6465 For our HNSCC models,
we confirmed LRRC8A's membranous expression and down-regulation in the
resistant cell line not only at the RNA but importantly also on the protein level
by immunoblot analyses (Figure 2e-g). In contrast to reduced LRRC8A levels, the
other subunits were equally expressed, and we found a slight upregulation of
LRRCS8E (Figure 2f). Although LRRCS8A is the major constituting subunit, and
thus, mainly responsible for cisplatin uptake, also LRRC8D was suggested to
further contribute to efficacy and specificity of drug uptake.6467 However, the
molecular details are not fully understood and we did not detect relevant
differences in LRRC8D transcription in our KO or cisplatin resistant cell lines
(Supplementary Figure S6). Hence, we subsequently focused on LRRC8A.
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Figure 3: LRRCS8A is critical for cisplatin response. a) Scheme of the VRAC channel,
consisting of six heteromeric subunits. LRRC8A 1is critical for function, subunits
LRRCS8B/C/D/E suggested to further contribute to substrate specificity. b) Generation of
LRRCB8A-deficient knockout cells (Picako) by CRISPR/Cas9 technology. ¢) Knockout was
confirmed on the genomic DNA and RNA/cDNA level. For primer design and location see
Supplementary Figure S4. d) Similar cell morphology of Pica and Picako visualized by
microscopy. Nuclei were stained with Hoechst dye (blue). Scale bar, 20 um. e) Immunoblot
analysis confirming absence of LRRC8A protein in Picaxko cells. GAPDH served as loading
control. Blots were stained with indicated antibodies. MW (kD) is indicated. f) LRRC8A-
deficient Picako cells are highly cisplatin-resistant. Cells were treated for 48h and viability
normalized to untreated controls.

To unambiguously verify LRRC8A’s role in cisplatin resistance, we performed its
CRISPR/Cas9 knockout (KO) in the HNSCC cell line Pica as an additional
independent cell model. Underlined by the Nobel prize award to the CRISPR/Cas9
technology, this method allows to exclusively eliminate the LRRC8A protein
without inducing other genetic alterations (Figure 3). For maximal comparability
and genetic homogeneity, different single cell KO clones were generated and
thoroughly characterized (Figure 3c-e, Supplementary Figure S4, Supplementary
Table S3). Analytical PCRs on the genomic gDNA and cDNA level verified
LRRC8A depletion, which was further confirmed by immunoblot analysis in the
resulting cell line Picako (Figure 3c, e, Supplementary Figure S5). Importantly,
LRRC8A depletion alone was sufficient to confer cisplatin resistance, underlining
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its relevance as a key cisplatin resistance factor (Figure 3f). Hence, other factors
suspected by previous studies do not seem to contribute significantly to resistance
of our cancer models, although LRRC8A expression was not examined in these
studies.16:59.62 Also, the reported specific reduction of MRP1 expression by
cisplatin-resistance-braking NPs cannot be explained mechanistically and
certainly requires further detailed analysis.16.:62

Again, the cisplatin-resistant cell line Picako was morphologically similar to the
sensitive parental cell line (Figure 3c). As an additional control, we verified that
the identified mechanism is specific for cisplatin. None of the cell lines showed
cross-resistance to clinically employed chemotherapeutics, such as paclitaxel or
doxorubicin, either when employed as a free drug or as nano-formulations, e.g.,
Abraxanel/Caelyx® (Supplementary Figure S8, S9).

Notably, cisplatin resistance through LRRC8A depletion was confirmed not only
in 2D conventional cell cultures, but also in 3D tumor spheroids, mimicking more
closely the tumor micro-architecture in patients without having to rely on
LRRCB8A knockout animal models which show multiple physiological impacts and
defects.67 Picako-derived tumor spheroids remained intact and viable even after
prolonged treatment with high concentrations of cisplatin, while LRRC8A
expressing wildtype cells were efficiently killed (Figure 4b, d).

The main direct cisplatin toxicity mechanism is the induction of DNA breaks,
triggering apoptosis. If cisplatin uptake is reduced by low LRRC8A levels, reduced
cisplatin induced DNA-damage should occur in the resistant cell lines. We
therefore applied automated high content quantification as well as conventional
microscopy to probe YH2AX DNA-damage foci (Figure 4a, ¢, Supplementary
Figure S7). Indeed, reduced DNA-damage was detected, confirming our
hypothesis (Figure 4a, ¢, Supplementary Figure S7).
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Figure 4: Low LRRCS8A levels protect against cisplatin-induced DNA damage,
cancer cell death, and correlate with patients' chemoresistance and survival. a-
c) Reduced number of cisplatin DNA damage events (YH2AX foci) in resistant, LRRC8A
low/deficient, cells. a) Automatic quantification of YH2AX foci via high-throughput
automated microscopy. Cells were treated for 24h and DNA damage events normalized to
untreated controls. b) Induction of cancer cell deaths correlates with cisplatin-induced
DNA damage. Cells treated for 48 h and viability normalized to untreated controls. c)
Detection of cisplatin-induced DNA damage events (YH2AX foci) by immunofluorescence-
microscopy, 24h post-treatment. yH2AX foci were detected by specific antibodies. Scale
bars, 5 pm. d) LRRC8A-mediated resistance is relevant also for 3D tumor-spheroids. In
contrast to killed Picawr spheroids, Picako spheroids stay viable even after prolonged
treatment with high cisplatin concentrations. Microscopy images after treatment for 7d. e)
Low LRRCS8A expression levels, favoring resistance of tumor cells, indicate reduce survival
of cisplatin treated HNSCC patients (n=78) shown by Kaplan Meier plots. p=0.26.
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Collectively, we here established LRRC8A-low HNSCC cisplatin-resistant cell
lines by cisplatin selection as well as by CRISPR/Cas9 knockout of LRRCS8A,
clearly demonstrating its key relevance for cellular cisplatin transport, cancer cell
death, and thus, drug resistance.

Clinical Relevance of LRRC8A Expression Levels in HNSCC Patients

Key for the success of precision/personalized (nano)medicine is the identification
of biomarkers to stratify patients who will most likely profit from treatments. For
example, assessing Her2 expression in breast cancers prior to immunotherapy
increased therapy success from 25 % to 70 %.5253 Thus, to further validate our
pre-clinical findings, we examined the transcriptomics data set of HNSCC
patients from The Cancer Genome Atlas (TCGA) (n=473). Interestingly, LRRC8A
expression levels varied widely in tumors in contrast to healthy adjacent tissue
(Supplementary Figure S10a). As LRRC8A is suspected to also support tumor cell
survival pathways in addition to drug uptake,6465 such heterogeneity can be
expected. To investigate cisplatin therapy-specific effects for patient survival, we
analyzed overall survival for patients that received cisplatin (n=73). The
expression data from the TCGA cohort were used to select HNSCC patients with
high and low LRCC8A gene expression (Supplementary Figure S10). As cisplatin
therapy acts rather rapidly, we restricted our analysis to one year. Based on our
data, we hypothesized that low LRCC8A expression, i.e., reduced uptake of
cisplatin, favors cancer cell survival, which may lead to tumor recurrences
ultimately causing patient death. Indeed, a trend in the Kaplan-Meier curve of
overall survival indicates that patients with low LRCC8A expression displayed a
reduced survival (p=0.26) (Figure 4e). This trend was lost when all patients were
analyzed (p=0.46), suggesting that cisplatin treatment might act as selection
pressure in vivo (Supplementary Figure S10b). Further comprehensive
prospective clinical studies in various malignancies are clearly required to fully
validate the prognostic value of LRCC8A expression for cisplatin therapy and the
application of potentially therapeutic nanomedicals to overcome resistances in
general.

Currently, there is ongoing (pre)clinical research to decide if and what types of
nanoscale platinum drug delivery devices are indeed superior compared to
current standard of care formulations for certain tumor types and cancer patients,
including HNSCC.617%.18 Particularly, it would be important to guide clinical
studies of therapeutic nanomedicals, such as NC-6004 (NCT: NCT00910741),6 by
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LRCC8A-based patient stratification in order to better reveal their therapeutic
benefits.

Rational Design and Synthesis of NP Formulations to Overcome LRRC8A-mediated
Cisplatin Resistance

Having confirmed LRRC8A-mediated resistance as well as its clinical relevance,
we investigated chemical strategies to overcome cisplatin resistances. As
reconstitution of the cisplatin uptake channel by small molecules or NPs is quite
unlikely, we subsequently aimed at increasing intracellular -cisplatin
concentrations by nanoformulation-mediated endocytic uptake, thereby
circumventing LRRC8A-mediated drug resistance. Consequently, cisplatin-
loaded, poly-sarcosine based core cross-linked polymeric NPs (NPcis) were
designed for cancer-targeted drug delivery. NPcis were synthesized from
polypept(o)ides of polysarcosine-block-poly(glutamic acid) (pSar-b-pGlu) and
cisplatin was conjugated to the pGlu-block via ligand exchange (Figure 5a).
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Figure 5: Design and characterization of cisplatin loaded polymeric micelles
(NPcis). a) Illustration of polysarcosine-block-poly(glutamic acid) (pSarieo-b-pGlu(ONa)s1)
building blocks, cisplatin conjugation, and expected NPcis structure b) DLS analysis shows
z-average size of @ ~28 nm and a narrow PDI of 0.15. ¢) Cryo-EM analysis confirms shape,
size, and homogeneity of NPcis. Scale bars, 50 nm. d) NPcis show neutral zeta potential. e)
FT-IR spectroscopy confirms successful coupling of cisplatin and pSarieo-b-pGlu(ONa)a1.
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Polypept(o)ides are hybrid copolymers combining polypeptides with the
polypeptoid polysarcosine (pSar, poly(N-methyl glycine)), which is biologically
well tolerated.33.3¢ Polysarcosine is a weak hydrogen bond acceptor and highly
soluble in aqueous solution adopting a random coil conformation. As such, pSar
is considered a promising alternative to poly(ethylene glycol), showing
advantages of reduced proinflammatory cytokine secretion, reduced complement
activation, and evasion of the accelerated blood clearance (ABC) phenomenon.35
38 The biocompatibility and absence of detectable toxicity of pSar-b-pGlu was
verified for our cell models by exposing cells for 48 h (Supplementary Figure S11).
In combination with pSar, the functionality of polypeptides was further exploited
for the design of core-shell architectures. The use of building blocks based on
natural amino acids like glutamic acid is a promising strategy to facilitate
biodegradability, which is a critical in vivo safety factor.6869 For pSar-b-
pGlu(ONa), block copolymers were prepared from y-tert butyl-L-glutamate NCA,
followed by polymerization of sarcosine NCA. For the preparation of NPcis, block
lengths of 160 for pSar and 31 for pGlu were used, accounting for steric shielding
and assembly to small spherical structures (Figure 5a, c). Conjugation of cisplatin
induced self-assembly of the hydrophilic pSarieo-b-pGlu(ONa)s1, yielding
polymeric micelles with a diameter of @ ~28 nm and a narrow PDI of 0.15 (Figure
5b). Our NP size was reported to be small enough to ensure bloodstream
circulation while still allowing passive EPR targeting even of poorly permeable
tumors, and seems optimal for endocytosis-mediated transport.’0-72 To avoid
artifacts caused by the fixation procedures of conventional TEM, we used cryo-
EM to confirm shape, size, and homogeneity of our NPc;is (Figure 5¢). The neutral
¢-potential of -5.89 + 6.48 mV accounts for the steric shielding by the pSar layer
(Figure 5d). To allow dose matched treatments, cisplatin concentrations were
calculated from platinum quantifications, performed by atomic absorption
spectroscopy (AAS) using external platinum calibration standards. NPcis showed
a cisplatin concentration of 0.936 g L1 (3.12 mM), corresponding to a drug loading
of 6.8 % (w/w) at an overall yield of 47% (Supplementary Table S4). Successful
coupling of cisplatin to pSarieo-b-pGlu(ONa)s:1 was further verified by FT-IR
spectroscopy (Figure 5e).
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Figure 6: NP uptake does not require the LRRC8A ion channel but is mediated
by endocytosis. a) Uptake of polymeric NPs (Atto647N) occurs in LRRC8A-deficient
knockout (Picako)/low (Faduc) and LRRC8A high WT cells (Pica)/(Fadu). Cells were
treated for 24 h. Nuclei marked in blue. Scale bars, 5 pm. b) Uptake is prevented by

Hoechst 33342
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treatment (10 min) with endocytosis inhibitor dynasore (40 um). Excitation time fixed at
5000 ms for image acquisition. Scale bar, 5 um. ¢) Two-photon microscopy shows NPs
penetrating 3D tumor spheroids. Spheroids (3D) were treated with NPsreen (6 pug -mlt,
green) for 48h. Spheroids were stained for cell surface EpCAM expression (red) and nuclei
(blue). Lower panel: Representative image of single z-plane. White arrows mark
intraspheroid NPs.

To next investigate that our nanoformulations are capable of also entering
LRRC8A-low, cisplatin-resistant cells, we additionally synthesized Atto647N
fluorescently-labelled NPs (& ~50 nm, PDI 0.15) (Supplementary Figure S12),
allowing to visualize NP trafficking by live cell microscopy (Figure 6). NP uptake
in cisplatin sensitive as well as in resistant cells could be confirmed (Figure 6a,
Supplementary Figure S13) and automated quantification by high content
microscopy demonstrated its concentration-dependency (Supplementary Figure
S14). These data indicate that resistant cells seems to be more active in
endocytosis. Although our RNASeq data indicate differences in metabolic
pathways, the mechanistic details need to be investigated in comprehensive
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follow-up studies. Such aspects might be relevant for drug resistances in general
and NP-based targeting of resistant cells. NP uptake was further blocked by the
dynamin-dependent endocytosis inhibitor dynasore, confirming NPs' targeting to
the endocytic, LRRC8A-independent uptake pathway (Figure 6b (Figure 6b). To
verify endocytic uptake, which is expected not to be restricted to NPcis, we also
studied fluorescent silica NPs (NPsi, 30 nm). Here, endocytic uptake of NPsi was
confirmed not only in 2D cell cultures (Supplementary Figure S13), but
importantly also in 3D tumor spheroids, mimicking more closely the tumor micro-
architecture in patients. Notably, NPs were not only observed in the spheroids'
outer cell layers, but deep two-photon microscopy demonstrated that NPs could
also penetrate into deeper cell layers (Figure 6c¢).

NPci; Show Good Biocompatibility, Enhanced Blood Circulation, Low Toxicity, and
Low Corona Formation

Having successfully shown the potential of NPcis to enter resistant cells
independent of the LRRC8A-uptake pathway, we next tested our particles for
their general safety profile and biocompatibility (Figure 7). Cells treated with
NPcis or the parent pSarieo-b-pGlu(ONa)s: polypept(o)ide did not show any signs
of short-term toxicity triggered by the material composition (Figure 7c¢). In
contrast, exposure to silica NPs with high corona formation properties rapidly
triggered cell death at higher concentrations (Figure 7c). Moreover, NPcis did not
trigger human macrophage activation, as shown by assessing the induction of IL-
18 production (Figure 7a). Again, high corona formation silica NPs strongly
induced IL-18 (Figure 7a).
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Figure 7: Cisplatin loaded polymeric micelles (NPcis) show good in vitro and in
vivo biocompatibility and low corona formation properties. a) NPcis do not trigger
macrophage activation. Differentiated THP-1M macrophages do not produce IL-18 when
treated with NPcis (lower panel) or unloaded fluorescent polysarcosine control particles
(CCPMs; middle panel). In contrast, exposure to fluorescent silica NPs (NPred) with high
corona formation properties strongly induced IL-18 production (upper panel). Cells were
treated with indicated NPs (20 pg each) for 24 h before cells were fixed and
immunofluorescent stained for IL-18 (green). Cell nuclei, blue. Fluorescently labelled NPs,
red. Scale bar, 5 pm. b) pSar NPs display reduced recognition by the reticuloendothelial
system resulting in prolonged blood circulation. Fluorescently labelled NPcis (NPcis¥) or
covalently linked polysarcosine control particles (CCPMs) were injected into zebrafish
embryos and circulation analyzed by in vivo imaging microscopy for up to 24 h. Bright light
image of a zebrafish tail containing circulating fluorescent NPs (upper left panel).
Fluorescence microscopy images of a zebrafish tail containing circulating NPcisC¥% at
indicated time points (left, lower panel). Quantification of the circulation half-life for
indicated NPs based on the average fluorescence intensity of the artery region normalized
by the average total fluorescence of the zebrafish. Circulation half-life: NPcis®5 = 4 h;
CCPMs = 12 h (lower left panel). ¢) NPcis or the polysarcosine polymer show no short-term
toxicity. Cells were treated for 4 h and viability normalized to untreated cells. In contrast,
exposure to silica NPs (control) with high corona formation properties rapidly triggered
cell death at higher concentrations. d) NPcis do not trigger complement activation. Human
plasma was untreated or exposed to NPcis or the respective polysarcosine-block-
poly(glutamic acid) polymer (37 °C, 1 h) and levels of C5a as an indicator for complement
activation quantified by ELISA. e) NPcis display good colloidal stability and do not induce
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human plasma protein aggregation. Multiangle DLS measurements were performed in
plasma in the presence of NPcis. Temperature 37 °C, t =1 h. Upper graph: Autocorrelation
function gi(t) for the exemplary scattering angle of 30° together with fits without (red) and
with (blue) additional aggregate term. Lower graph: Calculated residuals between the
respective fit and the correlation function. f) Low corona formation on NPcis after
incubation in human plasma. NPcis were incubated in indicated media for 30 min at room
temperature, washed, and collected by centrifugation. Corona proteins were resolved on a
12 % SDS Page. Silica NPs (control) with high corona formation properties served as
positive control.

Importantly, exposure of human blood plasma to NPcis did not lead to activation
of the complement system as shown by analyzing complement Cba levels (Figure
7d). In addition, we did not detect aggregation of plasma proteins demonstrated
by multi-angle DLS analysis (Figure 7e). Consequently, the low toxicity profile
paired with no non-specific activation of macrophages or the complement cascade
confirmed the biocompatibility of NPcis, suggesting their potential therapeutic
safety also in human settings. These findings are in line with previous reports on
the biocompatibility of pSar, whereby complement activation and cytokine
induction were not observed.34:37.73

To also investigate the NPcis's potential suitability for intravenous
administration, we performed biocompatibility in vivo studies employing the
ethically less questionable zebrafish embryo model.3573-75 [n vivo imaging
microscopy demonstrated that pSar NPs display reduced recognition by the
reticuloendothelial system (RES) allowing prolonged blood circulation (Figure
7b). Here, quantitative fluorescence analysis in zebrafish embryos revealed a
circulation half-life of approx. 4 h for fluorescently labeled NPcis (Figure 7b). The
half-life values for NPcis are lower compared to disulfide cross-linked CCPMs
(= 12 h), yet comparable to PEGylated liposomes while exceeding non-PEGylated
liposomes, as reported previously.”> Taken together, NPcis seem suitable for
intravenous administration, and the pSar shielding together with the stabilized
core architecture provide the basis for passive tumor targeting.

When NPs enter physiological environments, proteins and other biomolecules
rapidly bind to the NP surface, leading to the rapid formation of a biomolecule
corona. The corona may critically codefine the biological, medical, and
pathophysiological identity of NPs, although the mechanistic details have not
been resolved in detail.25-27.30,76 Hence, the design of NPs with low biomolecule
adsorption properties seems to be desirable in general, unless a specific 'corona-
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driven' application is envisaged. Several chemical strategies haven been reported,
including our polysarcosine based approaches with the potential to prevent
aggregation, protein corona formation as well as stable blood circulation after
intravenous administration.31.75 Indeed, low corona formation could be verified for
NPcis using human plasma as a relevant model (Figure 7e,f). Collectively, NPcis
are thus based on polypept(o)ides but resemble NC-6004, which is based on
copolymers of PEG-b-pGlu(OH) and under clinical evaluation for several
malignancies (NC-6004/NCT00910741).648.77.78 Therefore, our approach takes
profit of a clinically relevant cisplatin formulation, translates it to
polypeptide(o)ides avoiding the use of PEG and combines it with aspects of
personalized medicine. In addition to the improved therapeutic profile of pSars3s-
38 from a synthetic perspective, the polypept(o)ide-based design offers the
potential to synthesize the polymeric material by sequential monomer addition
using living ring-opening N-carboxyanhydride (NCA) polymerization.33.69.79 This
technique may facilitate the industrial scale-up of the block copolymer synthesis.
Moreover, NCA polymerization provides easy access to functional end-groups that
could be used to introduce targeting moieties, such as antibodies, Fab-fragments,
or peptides to enhance or specify the cellular uptake.21.33.79.80

Although our findings are most likely of general relevance for other platinum drug
nanoformulations, we though wish to emphasize that that we do not claim that
our nanoscale cisplatin drug delivery devices are superior to other
nanoformulations already in clinical trials, such as NC-6004/NCT00910741.
Here, additional (pre)clinical evaluation studies are required.

Application of NP¢; to Break Cisplatin Resistance

Next, we evaluated the potential of our NPcis to overcome cisplatin resistance. A
key issue, which has been neglected in most studies, is the problem of comparing
'free' drug versus NP-based delivered drug concentrations, particularly if these
agents enter cells via completely different pathways. Here, not only uptake
kinetics but also drug-release from NPs and organelles will significantly affect
the relevant intracellular biologically active dose (BAD), ultimately triggering
effects, such as tumor cell death. Hence, BAD for 1 uM of a free versus 1 uM of a
NP-complexed drug will most certainly never be the same.

Consequently, we developed an assay allowing to determine BAD for our agents,
by analyzing the levels of DNA-damage induced by free cisplatin versus NPcis. As
shown in Figure 8a, about three-fold more NPcis induced the same levels of DNA-
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damage compared to free cisplatin in wildtype cells (BAD: free cisplatin=1/3
NPcis). Taking into account the different entry pathways together with the drug-
release from NPs and endosomes, such values are expected and relevant for
subsequent biological testing, though not reported so far. Thus, we strongly
suggest to employ our strategy for studies of other nanoformulated DNA-
damaging chemotherapeutics in general.

Importantly, in contrast to free cisplatin as the current standard of care, NPcis
were able to significantly (p<0.005) kill all cisplatin-resistant cells (Figure 8b) by
circumventing the LRRC8A-transport pathway and instead exploiting the
endocytic delivery route. Again, cytotoxicity correlated well with the induction of
DNA-damage, revealed by our objective, automated yH2AX assay
(Supplementary Figure S15). As expected from NPcis's low corona formation
properties (7f), cancer cell killing was similar in the absence or presence of
biomolecules. In contrast, the cytotoxicity of silica NPs, showing high protein
adsorption, was strongly affected by corona formation (Supplementary Figures
S16 and S17).
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Figure 8: NPcis-treatment can overcome cisplatin resistance. a) Quantifying
cisplatin-induced DNA-damage to determine the biologically active dose (BAD) of NPcis
versus free cisplatin in sensitive Pica cells. Cells were treated for 24 h and DNA damage
events (YH2AX foci) quantified via high-throughput automated microscopy. Similar DNA-
damage was induced by standard of care cisplatin (10 uM) or NPcis (30 uM). *, cells were
killed prior to analysis. b) NPcis significantly kill cisplatin-resistant HNSCC cells
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(Picako/Faduc). Cells were treated for 48h and death normalized to untreated controls.
BAD values (uM; free cisplatin=1/3 NPcis). Statistical analysis: ***, p<0.005.

Of note, a variety of other (multifunctional) nanoscale platinum drug delivery
devices have been developed.61718 Although we did not test other
nanoformulations experimentally, it is expected that they may also be useful to
eradicate LRRC8A-based cisplatin-resistant cells, although their cellular uptake
and biocompatibility need to be examined. Likewise, multifunctional nano-tools,
allowing co-deliveries of drugs with siRNAs for specific gene silencing, have been
designed in the past, as an approach to increase the power of nanoformulations
by targeting proteins which contribute to cisplatin resistance due to their
overexpression.!l-15 We though demonstrated that low LRRC8A levels are key for
cisplatin resistance and thus, codelivery of LRRC8A gene silencing siRNA would
rather increase instead of breaking resistance, and thus, seems not applicable for
our target.

Conclusion

Despite the current enthusiasm on multi-functional or theranostic nanomedicals,
their clinical applicability and superiority compared to drug formulations used in
the clinical routine for decades needs to be based on a mechanistic understanding
of their advantages. As the field moves away from block-buster treatments of all
patients, the need for precision medicine is now accepted and must also to be
considered in nanomedicine. We here employed a comprehensive in silico,
analytical, and in vitro experimental pipeline to identify down-regulation of
LRRC8A-driven cisplatin uptake as key for cisplatin resistance of HNSCC tumor
cells. Likewise, reduced LRRC8A levels seem to be relevant for therapy resistance
and survival of HNSCC cancer patients. 6 To overcome cisplatin resistance, highly
biocompatible cisplatin-loaded NPs were constructed, allowing drug delivery via
the endocytic, LRRC8A-independent, uptake pathway. In direct comparison to
cisplatin as the current standard of care, our strategy finally succeeded in killing
all cisplatin-resistant cells.

There is ongoing (pre)clinical research to determine if nanoscale platinum drug
delivery devices are indeed superior compared to current standard of care
formulations in general. Here, an important criteria is the definition and
comparison of a biologically active dose (BAD) for nanoparticles versus free drugs
that enter cells by different mechanisms, as shown here. Our findings strongly
suggest that LRRC8A-low expressing patients should profit most from such
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platinum nanomedicals. Our findings are most likely of general relevance for
other platinum drug nanoformulations. Here, LRRC8A-guided patient
stratification is expected to facilitate the evaluation of such clinical trials (such as
NC-6004/NCT00910741, driven by the Kataoka group), and thus, may promote
the clinical translation of nanomedicals to overcome chemotherapy resistance
(TOC figure).

Experimental

Chemicals and Reagents. If not stated otherwise, chemicals were sourced from
Sigma Aldrich/Merck. Cell culture reagents were sourced from Gibco/Thermo
Fisher Scientifc. Cell Viability Kits (Cell Titer Glo and Cell Titer Glo 3D) were
purchased from Promega. Fluorescent silica NPs were obtained from Kisker
Biotech or MSC UG&CoKG. Antibodies were sourced as indicated in
Supplementary Table S1. Clinical cisplatin formulations were sourced from
Accord Healthcare GmbH.

Nanoparticle Synthesis and Characterization. The preparation of cisplatin NPs
(NPcis) was adapted from literature and modified by the use of polypept(o)ides of
polysacrosine-block-poly(L-glutamic acid) (pSar-b-pGlu).697879 For dye-labeled
NPcis cyanine5-amine (1.36 mg, 2.1 umol, 0.3 eq.) was coupled to pSar-b-pGlu
(110 mg, 6.9 pumol, 1.0 eq.) via 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM -CI) (1.91 mg, 6.9 pmol, 1.0 eq.). All
reagents were dissolved in water and stirred at room temperature for 72 h.
Purification was performed by dialysis MWCO 3.5 kDa) with water (+ 1%
NaHCOs3) and pure water, followed by precipitation in acetone (4500 rpm, 5 min,
4 °C). The product was dried in vacuo (91.1 mg, 82%), and the absence of
unconjugated dye was verified by HFTP-GPC. The synthesis of pSar-b-pGlu was
performed as described previously in Steinborn et al.70 Similarly, block lengths of
160 for pSar and 31 for pGlu were used for NPcis formation. For preparation of
NPcis, 64.5 mg (4.06 pmol, 1.0 eq.) of pSarieo-b-pGlus: were dissolved in MilliQ
water at a concentration of 2.65 g L1, corresponding to a pGlu concentration of
5 mmol L-1. After 1 h, a solution of cisplatin (36.5 mg, 121 pmol, 1.0 eq. per Glu)
in MilliQ water was added, and the reaction mixture was placed in a benchtop
shaker at 25°C. After 7 days, the solution was purified from not conjugated
cisplatin by spin-filtration (Amicon Ultra 15, MWCO 100 kDa, 3000 rpm) followed
by sterile filtration (Millex GPX 220 nm). The total mass concentration was
determined by lyophilization, and platinum quantification was performed by
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atomic absorption spectroscopy (AAS) using external platinum calibration
standards.

To serve as control nanoparticles, core cross-linked polymeric micelles (CCPMs)
were prepared from polypept(o)ides of polysarcosine-block-poly(S-ethylsulfonyl-L-
cysteine) (pSar-b-pCys(SO:2Et)) according to previous reports.20.21.75 These NPs are
covalently labelled with Atto647N and stabilized by disulfide bonds formed from
the reactive pCys(SO:2Et) block and a lipoic acid-based cross-linker. Here, pSarsazs-
b-pCys(SOz2Et)31 was dissolved in dimethyl sulfoxide (DMSO) equipped with 1 M
thiourea at a concentration of 7.5 gt for 1 h. Next, 20 vol.% of 1 mM acetate
buffer (pH 4.75) with 10 mM thiourea were added to adjust the concentration to
6.6 g L. The solution was left to equilibrate at room temperature for 5 h, followed
by dialysis MWCO 3.5 kDa) against 1 mM acetate buffer (pH 4.75) with 10 mMm
thiourea. The solution was filtered (GHP 450) and concentrated to 6.6 g1 by spin
filtration (Amicon Ultra, MWCO 3 kDa). For cross-linking, in a separate flask,
the liponamide cross-linker was dissolved in ethanol at a concentration of B =
10g L1 and one equivalent of an aqueous solution of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP ‘HCl) (50 g L-1) was added. After
18 h, the cross-linker solution was added to the micelle solution at equimolar
amounts of thiols per cysteines. After reaction for 48 h at room temperature,
unreacted polymer and cross-linker were removed by dialysis against DMSO and
MilliQ water (MWCO 6-8 kDa). For labelling, 0.3 equivalents of Atto647 NHS-
ester were added per polymer end-group at pH 7.4 (adjusted with 1 M NaHCO3
solution). After 72 h, excess dye was removed by repetitive spin filtration (Amicon
Ultra, 100 kDa) using ethanol/water mixtures. The final particle solution (in
MilliQ water) was stored at 4°C in the dark. The absence of free polymer and free
dye was verified by gel permeation chromatography in hexafluoro isopropanol.

Atom Absorption Spectroscopy Measurements. The atom absorption spectroscopy
(AAS) measurements were conducted using a Perkin Elmer 5100 ZL AA
spectrometer with a Zeeman Furnace Module and a Pt hollow cathode lamp at
265.9 nm and air/acetylene mixture.

Dynamic Light Scattering and Zeta Potential Measurements. Single-angle dynamic
light scattering (DLS) measurements were performed with a ZetaSizer Nano ZS
instrument (Malvern Instruments Ltd., Worcestershire, UK) equipped with a He-
Ne laser (A = 632.8 nm) as the incident beam. All measurements were performed
at 25 °C and a detection angle of 173° unless stated otherwise. Disposable
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polystyrene or PMMA cuvettes (VWR, Darmstadt, Germany) were used for single-
angle DLS measurements. Cumulant size, polydispersity index (PDI), and size
distribution (intensity weighted) histograms were calculated based on the
autocorrelation function of the samples, with automated position and attenuator
adjustment at multiple scans. Zeta potential measurements were performed with
folded capillary cells (DTS 1061) in aqueous solution containing 3 mM sodium
chloride.

Multi-Angle Dynamic Light Scattering. For multi-angle DLS cylindrical quartz
cuvettes (Hellma, Miihlheim, Germany) were cleaned with dust-free distilled
acetone and handled in a dust-free flow box. Dynamic light scattering
measurements were performed on an ALV spectrometer (ALV-5004, multiple-t
full digital correlator, He-Ne laser (632.8 nm)). To investigate the aggregation
behavior of the particles in human plasma, undiluted citrate plasma and the
particle solutions were filtered by syringe filters (Millex GS 0.2 um). The following
mixtures were prepared from the particle solutions in water (8=5.0gL1):
PBS/particle solution 4:1 (8=1.0g1L1), and plasma/particle solution 4:1
(B=1.0gL1). The cuvettes were incubated for 60 min at 37°C before
measurement at T = 37 °C. The data were analyzed according to the procedure
reported by Rausch et al.8! The correlation functions of the plasma measurements
were fitted with a triexponential decay function, and the particles were fitted
using a sum of two exponentials. The mixtures were fitted by using a sum of both
exponential decay functions with or without additional aggregate term.

Infrared Spectroscopy. Attenuated total reflection (ATR) Fourier-transformed
infrared (FT-IR) spectroscopy was performed on a Jasco FT-IR 4600 spectrometer
with a Jasco ATR Pro ONE unit. Lyophilized solids were measured, and spectra
were analyzed by Spectra Manager 2.15.18 (Jasco).

Cryo EM. NPcis (3.5 pL, 150 mg L1 total solid concentration) were applied to
freshly glow discharged Quantifoil® holey carbon films (R2/1 Cu 200, Quantifoil
Micro Tools GmbH) and the grids were blotted for 2.5 s at 100% humidity in a
Vitrobot plunge-freezer (FEI Vitrobot Mark III, Thermo Fisher Scientific). Cryo-
EM images were recorded on a Talos LL120C transmission electron microscope
(Thermo Fisher Scientific) operating at 120 kV. The images were recorded at
13’500, 36’000, and 73’000-fold magnification.

Cell Culture. Pica cell line was established as is described in Mack et al.82 Fadu
and THP-1 cell lines were purchased form ATCC (ATCC®-HTB43, ATCC®-TIB-
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202). Cell lines were cultured under standard cell culture conditions in their
respective media (37 °C, 5 % CO2) and subcultured every 3-5 d. Cells were checked
for absence of mycoplasmas using the commercial Venor GeM Advance detection
kit (Minerva biolabs) according to manufacturer’s instructions. Cells were
counted using a Casy Cell Counter and Analyzer TT (Innovatis). For spheroid
culture, cells were seeded at a density of 1,000 cells per well in round-bottom ultra
low-attachment cell culture plates (96-well, Corning) and used 3 d after seeding.
THP-1 cells were differentiated into THP-1M cells at a concentration of
0.5x10¢ cells/mL and 50 ng ‘mL-! PMA overnight, then washed with medium twice
and used for experiments 48 h post-differentiation.

Generation of the Conditioned Sub-Cell Lines. For the generation of conditioned
sub-cell line Faduc, cells were first selected by treatment with high doses of
cisplatin corresponding to roughly IC90 (5 uM). After the cell line showed constant
proliferation under this selection, cells were routinely kept in medium containing
cisplatin (3 uM). First experiments were started 6 months after constant
conditioning in cisplatin-containing medium.

CRISPR/Cas? Knockout. PiCa-LRRC8A-/- knockout cells were generated by using
the recently described CRISPR/Cas9 tools83 with the exception that plasmids
instead of adenoviruses were used for the delivery of Cas9/sgRNA gene expression
cassettes. Plasmids pBbsl-Cas9-OFP-sgLRRC8#1 and pBbsl-Cas9-OFP-
sgLRRC8#2 contain the CMV promoter driven gene expression cassette encoding
for Streptococcus pyogenes Cas9 nuclease, fused to nuclear-localization sequences,
followed by a T2A-linker and orange fluorescent protein OFP. In addition,
LRRC8A-targeting single-guide RNAs (guide sequences sgRNA-LRRC8A_fw and
sgRNA-LRRC8A_rev see Supplementary Table S2) are under the control of the
human U6 promoter. PiCa cells were transfected with total 2 ug plasmid DNA
and 5 ul Lipofectamine 2000 reagent using OptiMEM cell culture medium (Gibco)
according to manufacturer’s instructions (Invitrogen/ThermoFisher). To
eliminate non-transfected and non-edited wildtype cells, the transfected cell pool
was transferred from 6-well plates to 10 cm dishes 96 h after transfection and 24
h later treated with 2 ug/ml Blasticidin S Hydrochlorid (Fisher Bioreagent) for 9
d. Since LRRCS8 ion channel is responsible for Blasticidin uptake,84 wildtype cells
and non-edited cells (which express functional LRRC8) will not survive
Blasticidin treatment whereas successfully edited LRRCS8A-/- cells do not express
functional LRRCS ion channels and will therefore survive Blasticidin treatment.
From the surviving cell pool clonal single cell-derived cell lines were generated
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and successful LRRCS gene disruption was confirmed by PCR and subsequent
Sanger sequencing. Absence of LRRC8A protein was determined by Western blot
analysis.

Single Cell Clone Generation and Characterization. For the generation of single
cell-derived cell lines, cells were seeded in round cell culture dishes (= 10 cm) at
serial dilutions. Dishes were checked for absence of cell clusters and incubated for
7-10 d. Sterile filter papers were soaked in Trypsin/EDTA before being placed on
resulting cell clusters with a minimum distance of about 2 cm. After incubation
(5 min, 37 °C) filter papers and any attached cells were transferred to a 24-well
cell culture plate with fresh medium and the plate incubated for another 7-10
days. Samples which showed successful proliferation after this period were used
to isolate gDNA (DNeasy Blood & Tissue Kit, Qiagen) and checked by PCR for the
correct band lengths. Further analysis was performed after isolation of RNA
(RNeasy Mini Kit, Qiagen) and subsequent transcription to cDNA (Transcriptor
First Strand ¢cDNA Synthesis Kit, Roche). All isolation and transcription steps
were performed according to manufacturer’s instructions. DNA and RNA
concentrations were measured on a Nanodrop. PCR analysis was performed on a
thermocycler with Taq Polymerase according to manufacturer’s instructions. For
primer design see Supplementary Figure S4.2885

Cell Viability Measurement. Cell Viability measurements were performed on a
Tecan Spark® (Tecan) using the kits CellTiter-Glo® 2.0 Viability Assay and
CellTiter-Glo® 3D Viability Assay according to the manufacturer’s instructions.
Viability was normalized to control samples incubated under the same conditions.
For two-dimensional assays, cells were treated 24 h after seeding in fresh medium
containing the respective substances. Viability was assessed 48 h after treatment.
For three-dimensional assays, cells were treated 3 d after seeding, after spheroid
formation. Half of the culture medium was replaced with fresh medium
containing 2x of the target concentration of each substance. After 48 h, another
medium change of half the samples volume was performed. The fresh medium
contained 1 x of the target concentration of each substance. Viability assessment
was performed 96 h after initial treatment.

yH2AX-Assay. Cells were counted and seeded in controlled densities (10,000
cells/well) in clear-bottom 96well plates (Greiner). Immunofluorescence staining
of YH2AX was performed after treatment with cisplatin in the given
concentrations for 24 h. The cells were then fixed with 4 % PFA (20 min, RT) and
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permeabilized with 0.1 % Triton-X 100/PBS (10 min, RT). The primary antibody
a-yH2AX (rabbit, A300-081A, bethyl) was diluted 2000-fold in 10 % FCS/PBS and
the cells stained for 1 h at room temperature. After extensive washing with PBS,
Cy3-labelled a-rabbit-antibody was diluted 300-fold in 10% FCS/PBS and
incubated with the samples for 1 h at room temperature. The nuclei were stained
by addition of Hoechst 33342 (50 ng 'mL-1) in PBS for 30 min at room temperature
after another washing step. The fluorescence signal was quantified on the
automated high-content microscopy platform ArrayScan VTI (Thermo Fisher),
using the TargetActivation assay at fixed excitation times. The region of interest
was defined by the nucleus stain. Each sample was measured in triplicates with
at least 5,000 cell nuclei analyzed per well. For further information on antibodies
and dilutions, see Supplementary Table S1.

Fluorescence Microscopy. Fluorescence microscopy was performed on a Axiovert
200 M fluorescence microscope (Zeiss) on cells seeded in 35 mm microscopy dishes
(MatTek). Depending on further use, cells were either imaged live or fixed with
PFA (4 %, 20 min room temperature (RT)). Before immunofluorescence staining,
cells were permeabilized with Triton X-100 (0.1 %, 10 min RT). Antibody staining
was performed as described for yH2AX-staining. Hoechst 33342 (50 ng mL-!) was
used for the staining of nuclei (30 min RT). For further information on antibodies
and dilutions, see Supplementary Table S1.

Two-photon Excitation Microscopy. Two-photon excitation (2PE) microscopy was
performed to visualize intact spheroids on a Leica TCS SP8 DIVE System (Leica).
Image analysis was performed with Leica image suite and imaged. To this means,
spheroids were collected 3 d after seeding by gentle centrifugation (100 g, 3 min)
and fixed by incubation with 4 % PFA at RT (20 min). Cells were then blocked
and permeabilized in BSA/PBSTD (PBS, 0.3% Triton X-100, 1 % DMSO, 1 %
BSA). Incubation with the primary antibody, diluted in 5 % FCS/PBSTD (PBS,
0.3% Triton X-100, 1 % DMSO) was performed over night at 4 °C. The secondary
antibody, diluted in 5 % FCS/PBSTD, was incubated with the sample for 3 h at
room temperature. Nuclei were stained by addition of Hoechst 33342 (50 ng mL-1t)
for 15 min at room temperature. For further information on antibodies and
dilutions, see Supplementary Table S1.

Zebrafish Circulation Studies. The zebrafish embryos were kept in petri dishes
containing zebrafish egg water supplemented with 0.003% phenythiourea (PTU).
The petri dishes were maintained in an incubator at a stable temperature of
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28.5 °C. All experiments were performed in accordance with the ethical standards
and legislation for animal research in Norway (License FOTS-ID: 13563).

To evaluate the blood circulation of nanoparticles in zebrafish embryos the
protocol described in Dal et al. was applied.” In short, borosilicate needles for
injections were produced using a pipette puller (P-97, Sutter Instrument) and
mounted on a micromanipulator (Narishige MN-153) connected to an Eppendorf
FemtodJet express pump. Before the injections, the zebrafish embryos were
sedated in a tricaine bath (Finquel; 0.02% in zebrafish egg water) and placed on
a plate containing hardened agarose gel (2% in water). Two-day old zebrafish
embryos were injected in the posterior cardinal vein with 5 nL of the nanoparticle
solution. At defined time points (5 min, 1 h, 4 h, 24 h, and 72 h) images were
recorded for the whole zebrafish (30X magnification) and the caudal region (120X
magnification) using a Leica DFC365FX stereo microscope with a 1.0X plan apo
lens. The average fluorescence intensity of the artery region (AF, 30X),
normalized by the average total fluorescence of the zebrafish (TF, 120X), was used
to determine the nanoparticle circulation in the blood flow. The average artery
fluorescence at 5 minutes (AF-5min) was considered as 100% meaning that all
nanoparticles were considered to be in circulation at this time point. The obtained
values were subtracted by the background fluorescence analyzed in zebrafish
injected with PBS.

Antibodies and Western Blot Analysis. For Western Blot analysis, whole cell
lysates were prepared in RIPA buffer and samples were separated on a 12 % SDS
gel. Blotting on to a PVDF membrane was performed with a Trans-Blot Turbo
(bio-rad). After blocking with milk for 1 h at RT, incubation with the primary
antibody diluted in milk was performed at 4 °C overnight. Horse-radish-
peroxidase (HRP)-coupled secondary antibodies were incubated with the blot for
1 h at RT. Detection of luminescence signal after addition of Clarity Western ECL
Substrate (bio-rad) was performed on a ChemiDocTM (bio-rad). For antibodies
and respective dilutions see Supplementary Table S1.

Quantification of complement component C5a. Complement activation was
determined after incubation of 2 ug NP in 20 pLL, human plasma (37 °C, 300 rpm,
1 h) with the help of abcam’s Human Complement C5a ELISA Kit according to
manufacturer’s instructions as has been described in detail.6!

Clinical Gene Expression and Survival Analysis. Publicly available gene expression
data was obtained from The Cancer Genome Atlas (TCGA) Research Network
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(http://cancergenome.nih.gov/) and assessed via the USCS Xena browser.86 The
TCGA Research Network included patients in accordance with the guidelines of
the Declaration of Helsinki of 1975 and all patients provided signed informed
consent. Data of n=50 normal adjacent tissue (NAT) and n=528 HNSCC tissue
samples were included. Patients were grouped based on their expression level of
LRRC8A, treatment, observation time as indicated, and survival analysis
performed as described.8” Data was visualized with the help of GraphPad PRISM.

Differential Gene Expression Analysis. Cell lysis and RNA isolation was performed
using the RNeasy Mini kit (Qiagen, Hilden) according to manufacturer’s
instructions. RNA samples (2 pg) were checked for DNA contamination by
performing cDNA transcription with and without addition of reverse
transcriptase and then checking for amplification of housekeeping gene actin in a
PCR reaction. For primer sequences see Supplementary Table S2. RNA
sequencing was performed as described in.838 FPKM values to quantify the
expression of the RNA sequencing data were calculated using cufflinks,56
differential gene expression was performed using deseq257 and the results were
visualized by DEBrowser.88 Further analysis and heatmap plotting of data was
performed on GraphPad Prism.
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Supporting Information

Supplementary Methods

NP corona analysis. NPs were incubated in human plasma (100 pL) from healthy
volunteers for 30 min at room temperature (300 rpm). Particles were then
extensively washed with a 10-fold excess of PBS for three times (13,000 rpm; 20
min; 4 °C). Corona proteins were eluted by incubation with SDS sample buffer
(62.5 mM Tris HCI, 2 % SDS, 10 % glycerol, 50 mM DTT, 0.01 % bromphenol blue)
at 95 °C for 5 min. Eluted samples were then applied to precast SDS gels (12 %
Mini-PROTEAN, bio-rad) and proteins evolved at 100 V for 2 h. Staining was
performed by incubation with Instant Blue (VWR) and gels imaged on a
ChemiDoc (bio-rad).

Supplementary Figures
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Figure S1: Flow chart illustrating the consecutive decision making process to
identify relevant targets critical for cisplatin resistance and targetable by
nanomedicals. RNA sequencing revealed genes significantly differentially expressed in
cisplatin resistant cell models, which were further refined by meta-analysis (literature
research and Ingenuity Pathway Analyses to identify genes previously described to be
relevant for cisplatin resistance). Results of these supervised analyses are visualized in
heatmaps and summarized in tables, listing relevant information for the candidates.
Focusing on transporters facilitating active influx or efflux of platinum drugs as the most
relevant candidates, a subsequent screening of gene expression and clinical data of the
cancer genome atlas collective (TCGA HNSCC patient cohort) allowed to identify genes
correlating with reduced response to cisplatin chemotherapy. In our study, these in vitro
and bioinformatic findings strongly suggested to focus on the LRRCS8A cisplatin import
pathway as the most relevant protein for cisplatin resistance, which could potentially be
overcome by rational nanomedicals.
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Figure S2: Potential candidates contributing to cisplatin resistance in HNSCC.
a) Illustration of mechanisms potentially involved in cisplatin resistance. Reduced
intracellular drug concentrations can be a consequence of reduced uptake, accelerated
efflux or intracellular detoxification. Additionally, improved DNA repair and various
(indirect) pro-survival pathways may improve cancer cells’ ability to cope with cisplatin
toxicity. b) Bioinformatic identification of potentially relevant candidates in the
transcriptomics data set of HNSCC patients from The Cancer Genome Atlas (TCGA)
(n=565). Correlation of transcription levels with residual tumors after first-line
chemoradiotherapy and full clinical documentation (n=41) were assessed.
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Figure S3: Overall survival of HNSCC patients correlating with potential
cisplatin resistance candidates. Overall survival of HNSCC patients depending on
VRAC (LRRC8A), MRP1 (ABCC1), CTR1 (SLC31A1), OCT1 (SLC22A1), TP53 (p53), and
GSTO1 expression levels shown by Kaplan Meier plots.
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Figure S4: Verification of LRRC8A-deficient knockout cells (Picako) on the
genomic gDNA and RNA/cDNA level by PCR and sequencing. A, Position of CRISPR
spacers and primers used to characterize knockout clone gDNA. B, Position of primers used
to characterize knockout clone cDNA. C, Visualization of the gDNA sequencing result of
the knockout clone Picako. For primer sequences refer to Supplementary Table S2.
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Figure S5: Verification of LRRC8A-deficiency of cell lines Picako and Faduc on
protein level by immunoblot analysis. Immunoblot analysis confirms LRRCS8A-
deficiency in established cell lines Picako and Faduc. Quantification of immunoblot band
intensities normalized to respective wildtype cell lines.
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Figure S6: Interdependence of cisplatin resistance and LRRC8D expression. a)
RNA sequencing reveals no relevant change in LRRC8D transcription in cisplatin resistant
cells. RNASeqg-transcriptomics to identify interdependence of LRRC8A and LRRC8D
transcription in cisplatin resistant cells. *, p < 0.05. b) Overall survival of HNSCC patients
depending on LRRC8D expression levels shown by Kaplan Meier plots.
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Figure S7: Automated high-content quantification of cisplatin-induced DNA
damage. a) Quantification of double-strand breaks induced by cisplatin in Picawr cells.
Cells were treated for 24 h and then fixed and permeabilized. Double-strand break-induced
expression of YH2AX was detected by immunofluorescence staining and nuclei stained with
Hoechst 33342. The mean average intensity (Mean Avg Int) per cell was determined with
Array Scan VTI. b) Cy3-signal intensities in the defined target ROIs were plotted against
Hoechst staining intensities per single cell as dot plots via ggplot/R.
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Figure S8: LRRC8A-deficient cell lines Picako and Faduc show no resistance for
paclitaxel or doxorubicin. Pica and Fadu cells were treated with the indicated drugs
for 48 h. Viability was normalized to untreated controls. Statistical analysis was performed
according to the unpaired Student’s t-test. *** p < 0.005.
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Figure S9. LRRC8A-deficient cell lines Picako and Faduc show no resistance for
Abraxane or Caelyx. Pica and Fadu cells were treated with the indicated drugs for 48h.
Viability was normalized to untreated controls. Statistical analysis was performed
according to the unpaired Student’s t-test. *** p < 0.005.
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Figure S10: LRRCS8A expression in HNSCC tumors. a) LRRC8A expression levels in
a cohort of HNSCC patients (n=473) demonstrates heterogeneous expression in tumors
compared to healthy tissues. b) LRRC8A-low versus LRRC8A-high expression levels in
unstratified HNSCC patients (n=473) shown by Kaplan-Meier plot.
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Figure S11: Polysarcosine building blocks forming NPcis do not show
cytotoxicity. Indicated cell lines were treated with pSarieo-b-pGlu(ONa)s1 (16.75 pg/ul)
for 48 h and viability normalized to untreated controls.
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Figure S12: CCPMAtte647N design and characterization. Illustration of expected
CCPMAt0647N gtructure. Particles show a z-average size of 50 nm and a narrow PDI of 0.15.
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Figure S13: Uptake of silica nanoparticles by LRRC8A-deficient cell lines Picako
and Faduc. Cells were treated with Kiskerred (50 pg/ml, red) for 24 h. Cell membranes

were stained with CellMask (green) prior to fixation and staining of nuclei with Hoechst
33342 (blue). Scale bars, 5 pm.
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Figure S14: LRRC8A-deficient cell lines Picako and Faduc internalize fluorescent
NPs concentration-dependently. Cells were treated with indicated fluorescent NPs for
24 h prior to fixation and staining of nuclei with Hoechst 33342. Mean average fluorescence
intensities were determined with the Array Scan VTI in a radius of 10 pixels around the
nucleus.
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Figure S15: NPcis induce DNA damage in LRRC8A-deficient cell lines Picako and
Faduc. Quantification of double-strand breaks induced by NPcis. Cells were treated for
24 h and then fixed and permeabilized. Cisplatin-induced expression of YH2AX was
detected by immunofluorescence staining and nuclei stained with Hoechst 33342. Signal
quantification via Array Scan VTI. Cy3-signal intensities in the defined target ROIs were
plotted against Hoechst staining intensities per single cell as dot plots via ggplot/R.
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Figure S16: NPc;is toxicity is independent of corona forming conditions. NPc;is does
not show corona-dependence of toxicity. Pica and Fadu cells were treated with the
respective particles for 48 h in the absence or presence of corona-inducing FCS during the
first 4 h or treatment. Viability was normalized to untreated controls. Free cisplatin for

comparability.
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Figure S17: Silica NP toxicity is dependent on corona forming conditions. Cells
were treated for 4 h with indicated concentrations of AmSil NPs in medium with or without
FCS. Viability was normalized to untreated controls.
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Supplementary Tables

Table S1. Antibodies and dilutions.

Antigen Host Manufacturer Dilution Dilution (x-fold)
and Article (x-fold) for for Immuno-
Number Western fluorescence
Blots
Epcam/CD326 mouse eBioscience; 13-9326 1000 200
LRRCS8A rabbit Novusbio; NBP2- 500 200
32082
vyH2AX rabbit Bethyl; A300-081A n.a. 2000
IL13 goat Bio-techne; AF-401- n.a. 25
NA
Rabbit goat Dianova; 111-165-003 n.a. 300
(Cy3 coupled)
Rabbit goat Cell Signaling; 7074 5000 n.a.
(HRP
coupled)
Mouse mouse Cell Signaling; 7076 5000 n.a.
(HRP
coupled)
Goat donkey Santa Cruz; sc-2024 n.a. 300
(FITC-
coupled)
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Table S2. Primer Sequences.

Name Sequence (5’ 2 3’) Application
B-Actin_for GTGGGGCGCCCCAGGCACCA RNA/cDNA analysis
housekeeping control
B-Actin_rev CTCCTTAATGTCACGCACGATTTC  RNA/cDNA analysis
housekeeping control
LRRCS8A_for TGGTTTCCCAGCCAAGTG RNA/cDNA analysis
LRRCS8A_rev GCGGGAATTTGAACCAGAAG RNA/cDNA analysis
P_CCl_fw CTGGGATTACAGACGTGAAC Characterization
knockout clone
Seq_SwellSelect_rev TGCTCGATCCGTGACTTG Characterization
knockout clone
LRRC8A-rtPCR_Ex2Ex3_forw ATCCTTGGGGTTGAACCATGAT Characterization
knockout clone
LRRCS8A_rtPCR_Ex3Ex4_forw TCTACCTGAACCGCAACAAGAT Characterization
knockout clone
LRRCS8A_rtPCR_Ex3Ex4_rev GCGCTCTTGAGACTTGCTCT Characterization
knockout clone
sgRNA-LRRCS8A_fw GCTGCGTGTCCGCAAAGTAG Guide sequence
CRISPR/Cas9
LRRCB8A knockout
forward
sgRNA-LRRCS8A_rev CCGGCACCAGTACAACTACG Guide sequence
CRISPR/Cas9
LRRCB8A knockout

reverse
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Table S3. Genetic characterization of LRRC8A Knockout Clone.

Cell line Genetic Protein modification
modification
PicaKO: Pica-LRRC8A-- A294 nt (c27-¢321) F10T and additional frameshift after
aal0; stop codon at aa66
PicaKO38: Pica- A314 nt (t20-g334) A104 aa (R8-V112)
LRRC8A(short)

Table S4. Quantification of NPcis.

Results - Quantification

total volume 3.19 mLL
solid concentration 13.8 g Lt
total amount 44.1 mg

Calculations based on AAS

Pt concentration 20.3 mg Lt

c (CisPt) 936 mg L!

Table S5. RNA Sequencing Results to Identify Molecular Cisplatin Resistance
Candidates. Genes included in heatmap analysis. All values given in FPKM.

Name Fadu Faduc Significant
1 2 3 1 2 3
GSTM3 0.00 0.00 0.00 6.53 9.46 8.44 x
GSTA4 0.47 0.22 0.00 10.14 9.56 8.14 x
p53 1.71 1.31 1.50 21.88 23.05 25.59 x
BCL2 0.88 0.61 0.32 5.45 3.34 4.74 x
P21 24.02 21.63 21.83 155.85 211.00 128.05 X
tp73 1.45 1.46 0.53 6.52 5.00 6.87 x
FOXO01 0.82 0.68 0.54 2.43 2.38 2.80 X
GSTO1 69.30 93.77 88.04 284.20 339.98 263.67 X
ERCC1 36.83 42.66 55.16  146.85 178.23 119.63 x
XPC 9.13 8.94 6.07 23.59 27.08 20.35 x
Name Fadu Faduc Significant
1 2 3 1 2 3
XPC 9.13 8.94 6.07 23.59 27.08 20.35 x
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MGST3 18.71 23.74 16.96 53.44 58.83 51.50 b4
CTR1 11.57 13.41 11.85 30.92 27.23 28.60 b4
ERCC3 19.05 21.43 18.62 46.02 46.14 46.87 b4
ATP7B 1.43 1.02 0.54 2.27 2.39 2.14 x
GSTK1 49.07 43.37 22.64 80.33 97.94 73.01 b4
XPA 6.21 8.37 6.50 12.67 15.67 15.01 b4
GSTT1 16.88 17.39 13.99 35.01 33.49 27.62 b4
BID 14.48 16.59 14.37 29.16 33.14 28.10 b4
REV7 50.26 69.23 54.51 104.77 100.74 105.63 x
ERCC2 9.13 12.97 13.04 20.35 18.46 22.69 b4
STAT6 18.75 17.62 17.46 31.12 30.78 31.71 x
MEK1 29.00 35.20 36.84 55.56 52.53 52.04 b4
MGST1 86.73 99.18 104.16 127.69 161.87 161.63 b4
CHD4 49.90 49.84 51.71 46.88 41.12 47.54 x
CHD4 49.90 49.84 51.71 46.88 41.12 47.54 x
ABCC1 16.16 15.27 14.30 13.86 12.97 13.60 b4
XRCC2 9.64 7.89 7.44 7.51 5.19 9.15 x
BAX 126.86 159.62 162.08 122.34 147.87 101.63 x
ERBB2 21.53 18.32 16.68 15.52 15.21 15.83 b4
MAPK 32.65 30.46 38.04 29.44 21.28 30.30 b4
ERCC5 15.34 10.58 12.95 11.83 10.24 8.46 b4
RAD51 16.84 21.66 21.59 15.60 15.44 14.49 b4
KDM5A 11.41 8.80 9.00 7.58 7.07 7.08 x
GSTM4 14.12 18.36 12.56 9.98 12.59 10.15 b4
MSH6 26.25 27.56 21.19 18.21 15.73 19.98 b4
OCTN2 4.94 3.52 2.45 3.23 2.19 2.33 x
DYNLL1 351.11 450.80 476.91 296.51 331.86 273.57 b4
BRCA1 10.01 8.96 9.07 6.03 5.82 7.24 x
STAT3 31.81 31.46 32.91 21.93 22.37 19.05 b4

Name Fadu Faduc Significant

1 2 3 1 2 3
REV1 5.94 5.15 5.70 3.65 2.98 3.66 X
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JAK
MRE11
LRRCS8A
BIRC5
XRCC6
STAT1
NER
53BP1
GSTO2
ATR
GSTP1
GSTP1
VEGF
MSH3
MLH1
ABCC3
ABCB1

29.33
6.17
39.15
76.18
555.64
68.54
64.47
17.08
23.61
6.07
2014.92
2014.92
68.85
5.65
14.97
5.13
0.06

23.75
4.45
42.19
122.87
704.37
61.73
67.72
14.18
25.10
7.08
2196.2
2196.2
35.47
4.79
18.93
2.28
0.03

19.42
5.14
42.93
153.17
647.97
61.53
62.36
12.51
24.10
8.25
2143.7
2143.7
25.60
6.17
15.63
2.00

0.00

14.31
2.53
23.42
56.24
308.69
27.45
23.20
5.54
8.00
2.42
429.52
429.52
9.20
0.58
0.00
0.00

0.00

13.38
2.52
21.16
56.36
313.60
29.73
26.33
4.99
12.55
2.25
492.76
492.76
7.89
0.51
0.00
0.00

0.00

16.07
3.35
21.72
68.47
344.84
27.48
22.82
5.67
5.75
2.73
423.75
423.75
9.22
0.28
0.00
0.00

0.00
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Table S6. Candidates relevant for cisplatin resistance identified by RNA sequencing

analysis. Potentially relevant transporter genes marked in grey.

Target Suggested main Mechanistic Clinical Studies
pathobiological contribution specific Relevance targeting
function for cisplatin Specific for cisplatin
resistance reported Cisplatin resistance by
Resistance nanomedicals
(type of reported
malignancy)
Cell Signalling Mediators
TP73 Transcription factor, no (indirect/multifold for no no
stress response various physico/chemical
stressors)
FOX01 Transcription factor, no (indirect/multifold for no no
glucose metabolism various physico/chemical
stressors)
STAT1 Transcription activator no (indirect/multifold for no no
various physico/chemical
stressors)
STAT3 Transcription activator no (indirect/multifold for no no
various physico/chemical
stressors)
STAT6 Transcription activator no (indirect/multifold for no no
various physico/chemical
stressors)
KDM5A Histone demethylase, no (indirect/multifold for no no
gene regulation various physico/chemical
stressors)
CHD4 Helicase, nucleosome no (indirect/multifold for no
remodeling various physico/chemical
stressors)
TP53 Cellular homeostasis no (indirect/multifold for no no
regulator against various physico/chemical
various stressors)
physico/chemical
stressors; tumor
suppressor protein;
apoptosis regulation
BCL2 Cellular homeostasis no (indirect/multifold for no no
regulator against various physico/chemical
various stressors)
physico/chemical
stressors; mitochondrial
membrane protein;
apoptosis regulation
Target Suggested main Mechanistic Clinical Studies
pathobiological contribution specific Relevance targeting
function Specific for cisplatin
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for cisplatin Cisplatin resistance by
resistance reported Resistance nanomedicals
(type of reported
malignancy)
Cell Signalling Mediators
P21 Cyclin-dependent no (indirect/multifold for no no
kinase inhibitor, various physico/chemical
regulates cell cycle stressors)
progression
General Detoxification
MGST1 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals)
detoxification
GSTO2 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals))
detoxification
GSTM4 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals))
detoxification
GSTT1 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals)
detoxification
GSTK1 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals)
detoxification
GSTM3 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals))
detoxification
GSTA4 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals))
detoxification
GSTO1 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals)
detoxification
GSTP1 Gluthathione S- no (indirect/multifold for no no
transferase; general various chemicals)
detoxification
DNA Repair
REV1 DNA repair, translesion no (indirect; DNA repair no no
synthesis and/or mutagenesis)
Target Suggested main Mechanistic Clinical Studies
pathobiological contribution specific Relevance targeting
function for cisplatin Specific for cisplatin
resistance reported Cisplatin resistance by
Resistance = nanomedicals
reported

336



Chapter 7 | Targeting Chemotherapy Resistance by NPcis

(type of
malignancy)
DNA Repair
REV7 DNA repair, no (indirect; DNA repair no no
mitochondrial DNA and/or mutagenesis)
repair, translesion
synthesis
BRCA1 Genomic stability no (DNA repair and/or no no
mediator, tumor mutagenesis)
suppressor
ERCC1 DNA helicase, no (indirect; DNA repair no no
nucleotide excision and/or mutagenesis)
repair
ERCC2 DNA helicase, no (indirect; DNA repair no no
nucleotide excision and/or mutagenesis)
repair
ERCC3 DNA helicase, no (indirect; DNA repair no no
nucleotide excision and/or mutagenesis)
repair
ERCC5 DNA helicase, no (indirect; DNA repair no no
nucleotide excision and/or mutagenesis)
repair
MLH1 Part of mismatch repair yes (indirect; DNA repair no no
system, allows and/or mutagenesis)
exonuclease degradation
XPC DNA damage no (indirect; DNA repair no no
recognition and repair and/or mutagenesis)
XPA DNA damage no (indirect; DNA repair no no
recognition and repair and/or mutagenesis)
RAD51 DNA damage repair by no (indirect; DNA repair no no
homologous and/or mutagenesis)
recombination
MRE11 DNA double strand no (indirect; DNA repair no no
repair protein and/or mutagenesis)
XRCC2 DNA double strand no (indirect; DNA repair no no
repair protein, and/or mutagenesis)
homologeous
recombination
XRCC6 Helicase, no (indirect; DNA repair no no
nonhomologous DNA and/or mutagenesis)
repair
Target Suggested main Mechanistic Clinical Studies
pathobiological contribution specific Relevance targeting
function for cisplatin Specific for cisplatin
resistance reported Cisplatin resistance by
Resistance nanomedicals
(type of reported
malignancy)
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DNA Repair

MSH3 Member of the DNA no (indirect; DNA repair no no
mismatch repair MutS and/or mutagenesis)
family
MSH6 Member of the DNA no (indirect; DNA repair no no
mismatch repair MutS and/or mutagenesis)
family
53BP1 Promotion of non- no (indirect; DNA repair no no
homologeous end joining and/or mutagenesis)
DNA repair pathways
Cellular Membrane Transporter
OCTN2 Organic cation (yes) (suggested to be also no no
transporter involved in cisplatin
transport)
CTR1 Copper transporter (yes) (suggested to be also (ovarian) no
involved in cisplatin
transport)
ATP7B (Copper) efflux (yes) (potentially involved in no no
transporter, cisplatin export)
detoxification
LRRC8A Volume regulation, yes (suggested to be ovarian no
anion channel, small involved in cisplatin
molecule transport transport)
ABCB1 ABC-transporter, drug (yes) (suggested to be also no no
export/general involved in cisplatin
detoxification transport)
ABCC1 ABC-transporter, drug (yes) (suggested to be also (yes) no
export/general involved in cisplatin (osteosarcoma,
detoxification transport) neuroblastoma,
non-small lung
cancer)
ABCC3 ABC transporter, drug (yes) (suggested to be also no no
export/general involved in cisplatin
detoxification transport)
Target Suggested main Mechanistic Clinical Studies
pathobiological contribution specific Relevance targeting
function for cisplatin Specific for cisplatin
resistance reported Cisplatin resistance by
Resistance nanomedicals
(type of reported
malignancy)
Regulator of Cell Death
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BAX Apoptosis regulation no (indirect, induction of no no
apoptosis mandatory for
cisplatin efficiency)
BID Apoptosis regulation no (indirect, induction of no no
apoptosis mandatory for
cisplatin efficiency)
BIRC5 negative regulatory no (indirect, induction of no no
protein, regulation of apoptosis mandatory for
apoptotic cell death cisplatin efficiency)
Transcription Regulator
MEK1 Mitogen-activated no (indirect/multifold for no no
protein kinase various physico/chemical
stressors)
ERBB2 Tyrosine kinase, no (indirect/multifold for no no
epidermal growth factor various physico/chemical
stressors)
MAPK1 Signal-regulated kinase: no (indirect/multifold for no no
proliferation, various physico/chemical
differentiation, stressors)
transcription regulation
VEGF Growth factor, induces no (indirect/multifold for no no
proliferation and various physico/chemical
migration of vascular stressors)
endothelial cells,
angiogenesis
DYNLL1 Intracellular transport no (indirect/multifold for no no
and mobility various physico/chemical
stressors)
MGST3 Inflammation mediation no (indirect/multifold for no no
various physico/chemical
stressors)
JAK1 Immune and no (indirect/multifold for no no
inflammation response various physico/chemical
stressors)
ATR Serine/Threonine no (indirect/multifold for no no
kinase, DNA damage various physico/chemical
sensing stressors)
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