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ABSTRACT

The widespread use of small interfering RNA (siRNA) is limited by the multiple extra- and
intracellular barriers upon in vivo administration. Hence, suitable delivery systems, based on
siRNA encapsulation in nanoparticles or its conjugation to targeting ligands, have been
developed. Nevertheless, at the intracellular level, these state-of-the-art delivery systems still
suffer from a low endosomal escape efficiency. Consequently, the bulk of the endocytosed
siRNA drug rapidly accumulates in the lysosomal compartment. We recently reported that a
wide variety of cationic amphiphilic drugs (CADs) can promote small nucleic acid delivery from
the endolysosomal compartment into the cytosol via transient induction of lysosomal
membrane permeabilization. Here, we describe the identification of alternate siRNA delivery
enhancers from the NIH Clinical Compound Collection that do not have the typical
physicochemical properties of CADs. Additionally, we demonstrate improved endolysosomal
escape of siRNA via a cholesterol conjugate and polymeric carriers with the al-adrenergic
antagonist prazosin, which was identified as the best performing delivery enhancer from the
compound screen. A more detailed assessment of the mode-of-action of prazosin suggests
that a different cellular phenotype compared to typical CAD adjuvants drives cytosolic siRNA
delivery. As it has been described in the literature that prazosin also induces cancer cell
apoptosis and promotes antigen cross-presentation in dendritic cells, the proof-of-concept
data in this work provides opportunities for the repurposing of prazosin in an anti-cancer

combination strategy with siRNA.

KEYWORDS: drug repurposing; cationic amphiphilic drugs; lysosomal membrane
permeabilization; endosomal escape; combination therapy; cancer therapy; cancer
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1. INTRODUCTION

Post-transcriptional gene silencing by small interfering RNA (siRNA) shows great promise for
the treatment of any type of human pathology with a recognized (over)expression of one or
more disease-causing genes[1-3]. Since the discovery of the RNA interference (RNAI)
mechanism more than 2 decades ago[4], considerable efforts have been made to identify
suitable carrier systems that can effectively and safely deliver siRNA drugs to target cells[2,3].
At the intracellular level, siRNAs need to access the cytosol to activate the RNAi machinery
and induce sequence-specific mRNA degradation[3,5,6]. While multiple delivery strategies are
under investigation, lipid nanoparticles (LNPs) and conjugates are the most advanced siRNA
delivery technologies to date, as exemplified by the recent clinical approval of patisiran
(siRNA-loaded LNPs) and givosiran/lumasiran/inclisiran/vutrisiran (N-acetylgalactosamine
(GalNAc)-siRNA conjugates)[7—10]. However, cytosolic delivery remains relatively inefficient
as endocytic uptake of LNPs and conjugates results in endosomal sequestration[5,11-13] and
finally lysosomal degradation[14—19]. Since only a minor fraction (i.e. 1-2% in case of
LNPs[17,18] and estimated < 0.01% in case of GalNAc-siRNA conjugates[3,13,20]) of the
internalized siRNA dose escapes into the cytosol during this rapid trafficking process,
endosomal escape remains a major bottleneck([5,17,18,21,22].

Interestingly, growing evidence suggests that both the extra- and intracellular barriers for
nucleic acid delivery can in part be overcome by the application of distinct classes of small
molecule drugs[22—-24]. We recently reported that structurally and pharmacologically diverse
cationic amphiphilic drugs (CADs) can be repurposed as siRNA delivery enhancers when
applied in a sequential manner to siRNA-transfected cells[25-27]. CADs are known to mainly
accumulate in lysosomes upon exposure to cells via a well-known pH-dependent ion trapping
mechanism, leading to functional inhibition of the lysosomal acid sphingomyelinase[28,29],
phospholipidosis (PLD)[30,31], lysosomal swelling[32,33] and lysosomal membrane
permeabilization (LMP)[34,35]. CAD-induced LMP is actively being explored as a means to
selectively kill cancer cells via so-called lysosomal cell death[34,35]. However, it was
demonstrated by Joris et al. that some CADs (e.g., the anti-histaminic compound
desloratadine) can induce a transient and non-lethal LMP phenotype in non-small cell lung
cancer (NSCLC) cells, which allowed dextran nanogel-encapsulated siRNA to diffuse from the
lysosomal compartment into the cytosol[27]. Hence, in contrast to governing endosomal
escape models, these data suggest that lysosomes are not necessarily a dead end for siRNA

nanomedicines. In follow-up work, we established the broader applicability of CADs as



adjuvants for the delivery of both siRNA and antisense oligonucleotides in distinct cancer cell
lines.[25] Additionally, we found that the CAD adjuvant approach is carrier-specific, as only
nanomedicines that release a sufficient amount of uncomplexed siRNA inside the
endolysosomal lumen allowed diffusion of siRNA through the CAD-induced pores in the
limiting lysosomal membrane[25]. In an attempt to identify additional small molecules that
could similarly enhance the gene silencing potential of siRNA-loaded nanogels in NSCLC cells,
a drug repurposing screen was performed, exposing the transfected cells to the ‘National
Institutes of Health Clinical Collection’ compound library (NIHCC, 700 compounds)[25]. This
screen revealed a strong enrichment of both CADs and PLD inducers in the hit group,
correlating the lysosomotropic properties of CADs with the induction of an acquired lysosomal
storage disease phenotype and improved cytosolic siRNA delivery[27]. However, several hits
from this compound screen did not comply with the applied CAD definition (calculated logP
(clogP) > 3 and pKal > 6). In this work, we further describe these additional hit compounds
and investigated the adjuvant activity of the al-adrenergic receptor antagonist prazosin, the
first ranked hit compound of the screen, in more detail. Our data revealed that prazosin, but
not the structural quinazoline-analogues doxazosin or terazosin, can strongly promote the
cytosolic delivery of cholesterol-conjugated or polymer-transfected siRNA in NSCLC cells.
Importantly, prazosin treatment leads to lysosomal swelling and the appearance of
cytoplasmic vacuoles while PLD induction was not observed, highlighting that prazosin
induces a distinct cellular phenotype than CADs[25,27]. Additionally, we showed that several
PIKfyve inhibitors, likewise known to generate vacuoles and enlarged lysosomes, could
promote siRNA delivery, although to a much lower extent compared to prazosin and CADs. It
is therefore hypothesized that besides lysosomal swelling and vacuolization, other yet
unidentified cellular processes might contribute to prazosin-induced cytosolic siRNA delivery.
Notably, previous work has shown that prazosin is able to induce apoptotic cell death in
several cancer cell types, both in vitro and in vivo[36—-45]. In addition, recent research
demonstrated that prazosin can also be repurposed to increase, both in vitro and in vivo,
dendritic cell cross-presentation of antigenic peptides to naive CD8* T-cells[46], which is one
of the main driving forces of anti-tumor immunity[46—48]. Consequently, our work proposes
a combination cancer treatment exploiting prazosin to concurrently promote cancer cell
death, intracellular siRNA delivery (e.g., targeting specific oncogenes) and cross-presentation

of tumor-associated antigens.



2. RESULTS AND DISCUSSION

NIHCC compound screen reveals several non-CAD siRNA delivery enhancers

Screening of the NIHCC compound library has previously identified 96 compounds that
significantly enhance the gene silencing potential of siRNA-loaded dextran nanogels (siNGs)
in non-small cell lung cancer cells stably expressing the enhanced green fluorescent protein
(H1299-eGFP)[25]. The cells were transfected with siNGs, loaded with eGFP-targeting siRNA
(sieGFP) or a negative control sequence (siCTRL) respectively, and subsequently incubated
with the compounds (20 uM) for 20 h in complete cell culture medium. In the hit group, 56
compounds (i.e. 58%) adhered to the applied CAD definition (clogP > 3 and pKal > 6)[49].
However, 40 hit compounds (i.e. 42%) with diverging chemical structures and pharmacology
could not be classified as CADs (‘non-CAD hits’, Table $1). Hence, the observed siRNA delivery-
promoting effect of these compounds cannot readily be correlated to the induction of a PLD
phenotype and disruption of the lysosomal membrane, as has been extensively described in

the literature for CADs[25,27,30,31,34,35].

To shed light on the potential mode-of-action of these non-CAD delivery enhancers, we first
screened for enriched annotated molecular targets of the latter compounds (Figure 1A). Here,
a series of common targets and/or drug classes could be distinguished. First, three L-type
calcium channel blockers (CCBs) that share a dihydropyridine (DHP) structure (amlodipine,
lacidipine and felodipine) were identified as hits. L-type CCBs with and without a DHP core
have previously shown to boost the potency of cholesterol-conjugated, cell-penetrating
asymmetric siRNAs (cp-asiRNAs) when used in a co-incubation protocol, albeit this effect was
linked to the stimulation of endocytosis rather than cytosolic delivery[50]. Hence, as the
compounds in our screen were added after siNG transfection and given that five other L-type
CCBs (isradipine, nifedipine, nimodipine, nitrendipine, nisoldipine and diltiazem) were not
identified as hits, the involvement of this process in our screen seems unlikely. Interestingly,
publicly available transcriptomics data (Connectivity Map or CMap data set of the Broad
Institute[51]) suggest that CCBs can induce a transcriptional response similar to PLD inducers,
which may be linked to the role of calcium signalling in lysosomal function[52]. Moreover,
amlodipine contains a side chain with a basic amino group (pKal = 9.45) and has
lysosomotropic properties, albeit the clogP < 3. As such, amlodipine is a known functional
inhibitor of the acid sphingomyelinase enzyme[29] and PLD inducer[31] and might thus have

a similar mode-of-action as the previously discussed CADs. Secondly, a set of tubulin



polymerization inhibitors (vindesine, podophyllotoxin and the anthelminthics albendazole,
mebendazole and flubendazole) and four steroids (19-norethindrone acetate,
medroxyprogesterone 17-acetate, tibolone and megestrol acetate) were defined as hits. As
endo(lyso)somal vesicles move through the cytosol via microtubules, disrupting this network
might increase the intracellular residence time and the likelihood of endosomal escape[53—
58]. On the other hand, several steroids have shown to promote the activity of nucleic acid
drugs with a pleiotropic mode-of-action (e.g., enhance cellular uptake, etc.)[24]. Next, some
antineoplastic drugs (triptolide, mitoxantrone, dactinomycin and the thymidylate synthase
inhibitors carmofur and 5-fluorouracil) emerged as hits, albeit their supporting effects on
siRNA delivery were overall rather limited and could potentially be linked to their toxicity.
Only four non-CAD compounds (i.e. ~10%) improved siRNA-mediated eGFP knockdown to >
50% relative to control, compared to almost 32% of CADs (Figure 1B). Hexachlorophene and
oligomycin A, respectively an antiseptic[59] and a potent inhibitor of the mitochondrial ATP
synthase[60], have not yet been described as drug repurposing candidates. On the other
hand, the antifungal itraconazole has recently been shown to enhance liposomal pDNA and
siRNA delivery[61]. The latter was suggested to occur via the known binding of itraconazole
to the Niemann-Pick C1 (NPC1) protein[62,63] in the late endosomal/lysosomal membrane,
which leads to a blocked intracellular cholesterol trafficking and hyper-accumulation of
cholesterol in the late endosomes and lysosomes. In accordance to other studies that
inhibited NPC1 via genetic[19] or pharmacological[64] means, the enhanced transfection
could potentially be linked to an increased cellular retention of pDNA/siRNA as a consequence
of reduced recycling of endocytosed nucleic acids out of the cell. Finally, although the
adjuvant effect is generally lower in the non-CAD hit group, compared to the CAD hits (Figure
1B), the most effective hit prazosin, a quinazoline-based al-adrenergic antagonist, is not a
typical CAD. Although prazosin did strongly increase the cellular granularity, as indicated by
the augmented side scatter (SSC) signal, in contrast to the CADs no correlation was found here
between the SSC signal and improved knockdown within the total non-CAD group (Figure
1C)[25]. Nevertheless, the mean SSC signal in the ‘non-CAD hit group’ was still significantly
higher compared to the ‘non-CAD no hit group’ (Figure S1). Interestingly, 2 structural
analogues of prazosin, i.e. doxazosin and terazosin, were respectively a minor hit (27%
additional eGFP silencing) and no hit. Given that the strongest adjuvant effect in this screen
was obtained with prazosin, we next aimed to investigate the cellular phenotype of this

compound in more detail.
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Figure 1. Next to CADs (clogP > 3 and pKal > 6), also non-CAD compounds were identified as siRNA
delivery-promoting hits in the NIHCC library screen. (A) Summary of annotated targets for the siRNA
delivery-promoting non-CAD compounds (i.e. ‘non-CAD hits’). The abscissa indicates the documented
protein targets of the non-CAD hits. The ordinate indicates the number of non-CAD hits that have each
of the depicted proteins as a validated target according to the Drug Repurposing Hub database[65]. A
summary of the annotated targets for each compound is provided in Table S1. (B) Box and whisker plot
of the normalized eGFP expression (calculated % eGFP expression values of the individual compounds
(20 uM, 20 h) were normalized to the siNG transfection alone (siNG-DMSO control) of each plate) of
the ‘CAD hit’ (n = 56) and ‘non-CAD hit’ (n = 40) group. (C) Correlation between the side scatter (SSC)
signal, normalized to the siNG-DMSO control of each plate, and the normalized eGFP expression (see
above) in the group of all non-CADs (n = 572). The dashed line represents the 95% confidence band of
the regression line (R? = 0.000207; ns). In both (A), (B) and (C), discussed compounds or drug classes
are highlighted in associated colours. (eGFP = enhanced green fluorescent protein, NG = dex-HEMA
nanogels, siNG = siRNA-loaded NG, NIHCC = National Institutes of Health Clinical Collection, CAD =
cationic amphiphilic drug, siNG-DMSO control = siNG transfection in the absence of compound with
equal amount of DMSO).

Secondary validation of quinazolinamine derivatives
To validate prazosin as a potent siRNA delivery enhancer, the compound and its structural
analogues doxazosin and terazosin were subjected to secondary testing. Additionally, the

previously identified CAD adjuvant desloratadine[25,27] was included as a benchmark (Figure



2A). Both prazosin and desloratadine evoked a clear concentration-dependent increase in (a)
eGFP silencing (Figure 2B), (b) total lysosomal volume (Figure 2C, Figure S2D) and (c) cellular
granularity (Figure 2D, Figure S2C) compared to untreated and siNG-transfected cells. In
contrast, exposure of the cells to 20 uM doxazosin or terazosin could not phenocopy these
effects, despite only minor structural differences relative to prazosin (Figure 2A-D). Of note,
the relative mean fluorescence intensity (rMFI) in the siCTRL sample increased markedly upon
treatment with 10-20 pM prazosin (Figure S2A-B), which is indicative of cell stress[66,67]. In
addition to dextran NGs, a series of other siRNA nanocarriers was screened. Similar results
were obtained for prazosin in combination with the commercially available polymeric
transfection reagent in vivo-jetPEI® when used in serum-containing (10% FBS) cell medium
(Figure S3A-E). In contrast, even 40 uM desloratadine did not have a substantial adjuvant
effect on these NPs with only moderate improvement in knockdown observed at 250 nM
siRNA, Figure S3A), despite clear indication that the applied desloratadine evoked the
anticipated lysosomal swelling in all conditions tested (Figure S3B). Likewise, prazosin
outperformed desloratadine in boosting the siRNA delivery of PEGylated DOTAP-DOPE
liposomes (Figure S4A, Figure S4C) and only prazosin was able to moderately improve eGFP
knockdown obtained with state-of-the-art LNPs containing the ionizable lipid DLin-MC3-DMA
(MC3 LNPs, Figure S4B, Figure S4D). Earlier work by our group has demonstrated that CADs
are mainly compatible with nanocarriers that promote the early release of siRNA in the
endolysosomal compartment, with subsequent diffusion of the decomplexed siRNA through
the CAD-induced pores in the limiting endolysosomal membrane[25]. In line with CADs, the
cytosolic delivery efficiency of the siNGs can be markedly enhanced by prazosin, most likely
linked to the straightforward release of the siRNA from the hydrogel network. Moreover, the
adjuvant effect of PRA is much more outspoken when combined with PEGylated cationic
liposomes in contrast to ionizable LNPs. It is known that the former nanocarriers relatively
easily undergo decomplexation, while the latter retain their RNA payload stably complexed in
the core of the particle.[25] As such, also for prazosin these data seem to corroborate the
above-mentioned hypothesis of intra-endosomal carrier siRNA decomplexation followed by
pore-induced cytosolic diffusion. Nevertheless, additional experiments would be required to
validate this hypothesis. Altogether, from these data it is clear that prazosin has more
outspoken effects on lysosomal swelling and siRNA delivery than desloratadine. However,

prazosin also has a greater impact on cell viability (Figure 2E).
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Figure 2. Prazosin and desloratadine, but not doxazosin or terazosin, improve the eGFP silencing
potential of dex-HEMA siNGs in NSCLC cells, while increasing the lysosomal volume and cellular
granularity. (A) The drug class, clogP, pKal values and molecular structure of prazosin (PRA), doxazosin
(DOX), terazosin (TER) and desloratadine (DES). The pKal and clogP values of the compounds were
predicted with JChem for Office (version 17.21.0.1797, ChemAxon Ltd., Budapest, Hungary)[68]. (B)
Sequential treatment of siNG-transfected H1299-eGFP cells (1 nM siRNA) with the quinazolinamine-
based ‘non-CAD hit’ PRA or the CAD DES caused significant additional eGFP silencing in a concentration-



dependent manner, while the quinazolinamines DOX and TER had no effect at 20 uM. (C-D) Fold
change in Lysotracker™ Deep Red (LDR) signal and side scatter (SSC) signal, measured via flow
cytometry, for H1299-eGFP cells sequentially transfected with dex-HEMA siNGs and treated with
different concentrations of PRA/DOX/TER/DES for 20 h. (E) Cell viability of H1299-eGFP cells following
sequential dex-HEMA siNG transfection and PRA/DOX/TER/DES addition for 20 h. Data are represented
as mean t the standard error of the mean (SEM) for three independent repeats. Statistical significance
is indicated when appropriate, in black * when referring to the untreated control and in grey * when
compared to dex-HEMA siNG transfection alone (ns p > 0.05, * p £ 0.05, ** p £0.01, *** p < 0.001).
(clogP = calculated logP, pKal = pKa of the most basic amine, eGFP = enhanced green fluorescent
protein, NG = dex-HEMA siNG transfection without sequential compound treatment, NTC = not treated
control, ns = not significant).

Next, we used confocal fluorescence microscopy to visualize and quantify cytosolic delivery
of Alexa Fluor® 647-labeled oligonucleotides (AF647 ONs), which upon endosomal escape
migrate to the cell nucleus[25,69,70]. Hence, quantification of the AF647 ON fluorescence in
the nuclear region of each individual cell can be used as a measure of endosomal escape
efficiency. A punctate pattern was observed for most untreated cells and cells exposed to 20
MM doxazosin or terazosin (< 5% of labeled nuclei), indicating lysosomal sequestration of
AF647 ON-loaded dextran NGs. In contrast, incubation with 15 or 20 uM prazosin and 40 uM
desloratadine increased the amount of stained nuclei up to ~52-72% and ~31%, respectively
(Figure 3A, Figure S5A, Figure S6A-l). Additionally, prazosin induced the formation of
intracellular galectin-3 foci in H1299 cells expressing mCherry-galectin-3, while such foci were
scarce in untreated cells. Galectin-3 is a cytosolic protein that acts as a membrane damage
sensor, since it is able to bind carbohydrates on the luminal side of endolysosomes, which are
exposed upon membrane damage[46,71]. These data indicate that the enhanced cytosolic
delivery upon prazosin treatment is likely the result of an increased endolysosomal membrane

permeability (Figure S5B).

Interestingly, in contrast to desloratadine, prazosin treatment also led to the rapid (< 1 h,
data not shown) formation of large vacuoles (indicated with red arrows in Figure 3 and Figure
S5A,C), which has been reported previously for this compound[36,37]. Notably, both
LysoTracker™ Deep Red positive (indicated with white circles in Figure $2D) and negative
vacuoles (indicated with yellow circles in Figure S2D) could be observed, which corroborates
earlier findings and indicates that not all vacuoles are acidic[37]. In addition, staining of
compound-treated cells with the PLD detection reagent LipidTOX™ Red (Figure 3B, Figure S5C,

Figure S6J) revealed that 40 uM desloratadine treatment, in line with our previously obtained



data[25,27], induced the accumulation of phospholipids in vesicular structures, while none of
the applied prazosin concentrations could replicate this. Hence, these data altogether indicate
that prazosin treatment results in a different cellular phenotype compared to the previously

identified CAD adjuvants[25,27].
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Figure 3. Both desloratadine and prazosin, but not doxazosin or terazosin, promote oligonucleotide
release into the cytosol, while only desloratadine induces a phospholipidosis phenotype in NSCLC
cells. (A) Representative confocal images from the intracellular AF647 oligonucleotide (ON)
distribution in H1299-eGFP cells, only transfected with AF647 ON-loaded dex-HEMA NGs, or
transfected cells subsequently incubated with 20 uM prazosin (PRA)/20 pM doxazosin (DOX)/20 uM
terazosin (TER)/40 uM desloratadine (DES) for 20 h. Nuclei can be seen in blue, while cells in which
endolysosomal escape happened show nuclear fluorescence in the red channel (red fluorescence is
depicted white). The values below the images correspond to the percentage of cells with white nuclei
(yellow arrows). The red arrows highlight the presence of vacuoles. (B) Representative confocal images



from the phospholipid distribution in H1299-eGFP cells visualized with LipidTOX™ Red PLD detection
reagent in 20 uM PRA/20 uM DOX/20 uM TER/40 uM DES treated cells (20 h). The scale bar
corresponds to 30 um. (eGFP = enhanced green fluorescent protein, NTC = not treated control, NG =
nanogels, AF647 = Alexa Fluor® 647 dye, NSCLC = non-small cell lung cancer).

In summary, the adjuvant effect of the ‘non-CAD hit’ prazosin and the inactive structural
analogue terazosin could be confirmed, albeit prazosin clearly induced cell toxicity. However,
we could not confirm the enhanced siRNA delivery of doxazosin, a minor hit in the primary
screen at 20 uM, although an effect at higher concentrations cannot be ruled out. Most likely
prazosin exerts its adjuvant effect via an off-target perturbation independently of its
pharmacological action at the documented clinical target (al-adrenergic receptor)[72]. First,
micromolar prazosin concentrations are needed to be effective as a delivery-promoting
compound[46] or cell death inducer[36-45], while nanomolar concentrations are sufficient to
block the adrenergic receptor[37]. Second, the structurally very similar quinazolinamines
terazosin and doxazosin (Figure 2A) did not have such an adjuvant effect, although they
antagonize the same receptor. It is anticipated that the adjuvant effect of prazosin on siRNA
delivery could be the result of its lysosomal accumulation. Despite a relatively low clogP value
(Figure 2A), the presence of a protonatable amine group can still result in some degree of
lysosomotropic behaviour. Indeed, studies have shown that a fluorescent derivative of
prazosin co-localizes with the lysosomal compartment[36,37,46]. On the other hand, prazosin
has also been shown to enter cells via a non-adrenoreceptor mediated endocytic uptake
mechanism called transport-P, leading to its lysosomal sequestration[36]. Interestingly,
comparison with a library of closely related structural analogues (including terazosin) revealed
that the activation of the transport-P pathway seemed to be very specific for prazosin[73].
Notably, the described lysosomal localization of prazosin and the lysosomal accumulation of
siNGs demonstrated in earlier work[14,74], suggests that the majority of siRNAs are released
from the lysosomal compartment. A recent report similarly identified prazosin as a compound
that can boost the transport of soluble and cell-associated antigens from endolysosomal
compartments into the cytosol and subsequently enhance cross-presentation in dendritic
cells[46]. Nevertheless, to the best of our knowledge, the presented study is the first to show
that prazosin can boost siRNA delivery in cancer cells by increasing endolysosomal escape.
Notably, also other studies revealed damaging effects of prazosin on the endolysosomal

system in a similar concentration range, e.g. inhibition of endocytic sorting[75] and tubulation



of endosomes/lysosomes[36,37,75,76], which subsequently led to inhibition of
cytokinesis[37,38,75]. Prazosin induced a remarkably different phenotype (i.e. vacuolization,
absence of PLD, higher cytotoxicity) compared to our typical lysosomotropic CAD adjuvant
desloratadine. Hence, in conjunction with the absence of a similar lysosomal phenotype for
the physicochemically equivalent terazosin and doxazosin, these data suggest that the siRNA
delivery-promoting effect of prazosin is not solely linked to lysosomal accumulation and PLD
induction as proposed for CAD molecules[49]. Interestingly, similar differences in other
cellular activities (e.g., cell death induction[42,43,77], inhibition of endocytic sorting[75] or
increase in dendritic cell cross-presentation[46]) of the three tested quinazolinamines have
been reported in the literature, with terazosin and prazosin being inactive or most effective,

respectively.

PIKfyve inhibitors induce pronounced vacuolization with limited adjuvant effect

Our data clearly indicate that prazosin induces a distinct cellular phenotype than typical CAD
adjuvants[22,25,27,33]. Indeed, prazosin-treated cells are, in contrast to desloratadine-
treated cells, characterized by large cytoplasmic vacuoles, while PLD induction was not
observed. Consequently, these findings prompted us to investigate if other physicochemical,
structural and pharmacological non-related (drug) compounds that are known to induce
marked vacuolization can also have an adjuvant effect on siRNA delivery. Hence, we evaluated
if post-incubation (20 h) with four well-known phosphatidyl 3-phosphate 5-kinase (PIKfyve)
inhibitors (apilimod[78,79], vacuolin-1[80], YM-201636[79,81] and APY-0201[79,82]) (Figure
4A) could improve the gene-silencing potential of dex-HEMA siNGs in NSCLC cells. Although
these compounds show high lipophilicity (clogP > 3), which allows them to easily diffuse across
cell membranes, they are not anticipated to act as typical CADs as the pKa of the basic amine
is too low (pKal < 6).

Albeit lower concentrations of these compounds (nM range) have previously shown to
induce vacuolization in other cell types[81,83—87], the appearance of large translucent
cytoplasmic vacuoles in H1299-eGFP cells (Figure S7) was only observed in the low micromolar
range. While the tested compounds were overall well tolerated (except for 10 uM APY-0201,
Figure 4E), all PIKfyve inhibitors induced an increase in (a) eGFP silencing (Figure 4B), (b)
lysosomal volume (Figure 4C) and (c) cellular granularity (Figure 4D) compared to untreated
and siNG-transfected cells. The formation of cytoplasmic vacuoles (as can be seen in the eGFP

channel) and the marked enlargement of Lysotracker™ Deep Red -labeled vesicles upon



PIKfyve inhibitor treatment were also visually confirmed with confocal microscopy (Figure
5A). Note that the majority of the large vacuoles were Lysotracker™ positive, suggesting that
these large, swollen vesicles are of late endosomal or lysosomal origin in our cell model. In
addition, staining of the PIKfyve inhibitor-treated cells with the PLD detection reagent
LipidTOX™ Red (Figure 5B, Figure S8), revealed that there was also an accumulation of
phospholipids in these vacuoles, albeit not to the same extent for all compounds. This PLD
phenotype is clearly different from desloratadine treatment, where phospholipids seem to
accumulate in much smaller vesicular structures (Figure 5B). Interestingly, the PIKfyve
inhibitor that induced the most apparent lysosomal swelling (Figure 4C) and vacuolization
(Figure S7), but the least PLD induction (Figure 5B, Figure S8) (i.e. APY-0201) also had the
greatest effect on eGFP silencing. However, as PIKfyve inhibition has also shown to inhibit
autophagy[80,87—-89], exocytosis[90], endosomal maturation[91] and endosome-to-trans-
Golgi network retrograde transport[92], it cannot be excluded that these effects might
likewise play a role[22]. Of note, despite the extensive vacuolization in these cells, the eGFP
knockdown enhancement was inferior to that observed following prazosin treatment,
suggesting that also for prazosin other cellular mechanisms than mere vacuolization are

involved in improved siRNA delivery.
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Figure 4. PIKfyve inhibitors improve the eGFP silencing potential of dex-HEMA siNGs in NSCLC cells
to a limited extent, while increasing the lysosomal volume and cellular granularity. (A) The drug class,
clogP, pKal values and molecular structure of apilimod (API), vacuolin-1 (VAC), YM-201636 (YM) and
APY-0201 (APY)[68]. The pKal and clogP values of the compounds were predicted with JChem for
Office (version 17.21.0.1797, ChemAxon Ltd., Budapest, Hungary)[68]. (B) Sequential treatment of
siNG-transfected H1299-eGFP cells (1 nM siRNA) with PIKfyve inhibitors caused significant additional
eGFP silencing, albeit the effect was generally lower than the CAD desloratadine (DES). (C-D) Fold
change in Lysotracker™ Deep Red (LDR) signal and side scatter (SSC) signal, measured via flow



cytometry, for H1299-eGFP cells sequentially transfected with dex-HEMA siNGs and treated with
different uM concentrations of API/VAC/YM/APY/DES for 20 h. (E) Cell viability of H1299-eGFP cells
following sequential dex-HEMA siNG transfection and API/VAC/YM/APY/DES addition for 20 h. Data
are represented as mean = the standard error of the mean (SEM) for three independent repeats
(except viability, which is done in two independent repeats). Statistical significance is indicated when
appropriate, in black * when referring to the untreated control and in grey * when compared to dex-
HEMA siNG transfection alone (ns p > 0.05, * p £0.05, ** p £0.01, *** p <0.001). (clogP = calculated
logP, pKal = pKa of the most basic amine, eGFP = enhanced green fluorescent protein, NG = dex-HEMA
siNG transfection without sequential compound treatment, NTC = not treated control, ns = not
significant).
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Figure 5. Several PIKfyve inhibitors and desloratadine induce varying degrees of lysosomal swelling
and phospholipidosis in NSCLC cells. (A) Representative confocal images showing the lysosomal
compartment (red) following LysoTracker™ Deep Red (LDR) labeling for untreated and 20 uM apilimod
(API)/20 uM vacuolin-1 (VAC)/20 uM YM-201636 (YM)/10 uM APY0201 (APY)/40 uM desloratadine
(DES) treated H1299-eGFP cells (20 h). (B) Representative confocal images from the phospholipid
distribution in H1299-eGFP cells visualized with LipidTOX™ Red PLD detection reagent in 20 pM API/20
uM VAC/20 uM YM/10 uM APY/40 uM DES treated cells (20 h). The scale bar corresponds to 30 um.
(eGFP = enhanced green fluorescent protein, NTC = not treated control).



Prazosin improves silencing of cholesterol-siRNA conjugates

Covalent conjugation of (targeting) ligands to the siRNA strands can be an effective and simple
alternative to NP-based delivery. While N-acetylgalactosamine (GalNAc)-siRNA conjugates,
which target the asialoglycoprotein receptor on hepatocytes, are now clinically validated
drugs[10], their use is largely restricted to liver-related diseases. Hence, other self-deliverable
siRNAs that are able to reach tissues or tumors are highly sought after[71,93]. In this context,
siRNAs modified with lipids such as cholesterol-linked siRNAs (chol-siRNAs) are one of the
most reported conjugates[93—99] that have shown in vivo accumulation and gene silencing
in solid tumors[99-101]. However, despite adequate accumulation and endocytic
internalization, high conjugate concentrations are still needed, both in vitro and in vivo, to
achieve significant knockdown due to inefficient endosomal escape[3,13,20,71]. Hence, we
evaluated here if prazosin and desloratadine could similarly improve the cytosolic delivery of
two cholesterol-conjugated eGFP-targeting siRNAs with different sequences in H1299-eGFP
cancer cells. As shown in Figure 6A and Figure S9A, the intrinsic silencing potential of both
chol-siRNAs was low, with chol-siRNA 1 inducing less than 10% eGFP silencing at 250 nM,
while chol-siRNA 2 was slightly more potent (~30% eGFP silencing at 250 nM). Whereas
sequential treatment for 20 h with 40 uM desloratadine had little impact on the silencing
efficiency, the application of 20 uM prazosin achieved up to 90% eGFP knockdown, despite
clear indication that both compounds evoked lysosomal swelling (Figure 6B-C and Figure S9B-
C). Notably, 20 uM prazosin induced a significant drop in cell viability (Figure 6D), in line with
the aforementioned data on dex-HEMA siNGs (Figure 2E). Other CADs (e.g. amitriptyline,
siramesine, loperamide and chloroquine) have recently shown to facilitate endosomal escape
of chol-siRNAs in other cancer cells (e.g., Hela)[71]. Here it was demonstrated that the
fraction of damaged endocytic vesicles that also contain chol-siRNA was highly dependent on
the type of CAD, leading to differences in target gene knockdown[71]. Hence, this might in
part explain the absence of an adjuvant effect for desloratadine in our experiments. In
summary, next to polymeric NPs, we could confirm the significantly larger adjuvant effect of

prazosin, compared to desloratadine, on gene knockdown via chol-siRNAs.
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Figure 6. Prazosin, but not desloratadine, enhances eGFP silencing potential of chol-siRNAs in NSCLC
cells. (A) Sequential treatment of chol-siRNAs (different concentrations) with 20 uM prazosin (PRA)
caused a significant additional eGFP silencing, while 40 uM desloratadine (DES) had no effect. (B-C)
Fold change in LysoTracker™ Deep Red (LDR) and side scatter (SSC) signal, measured via flow
cytometry, for H1299-eGFP cells sequentially transfected with chol-siRNAs and treated with 40 uM DES
or 20 uM PRA for 20 h. (D) Cell viability of H1299-eGFP cells following sequential chol-siRNA
transfection and 20 uM PRA addition. Data are represented as mean * the standard error of the mean
(SEM) for two independent repeats. Statistical significance is indicated when appropriate, in black *
when referring to the untreated control and in grey * when compared to chol-siRNA transfection alone
(nsp>0.05, *p<0.05, ** p<0.01, *** p <0.001). (eGFP = enhanced green fluorescent protein, NTC
= not treated control, ns = not significant, chol-siRNA = cholesterol-conjugated siRNA, NSCLC = non-
small cell lung cancer).

Towards prazosin drug combination therapy in oncology

Given that prazosin can boost the cytosolic delivery of siRNA, while also having a direct pro-
apoptotic activity (as suggested by our experimental data and as shown by others[36-42,45]),
the combination of prazosin and siRNA can open up avenues for synergistic anti-cancer
therapy. Indeed, siRNAs are often studied to enhance the tumor killing efficacy of low

molecular weight anti-cancer drugs e.g. via silencing of efflux multidrug resistance proteins



(e.g. multidrug resistance protein 1 (MDR-1)[102—-104]) to increase the drug concentration in
the target cells. In this work, as prazosin strongly improves siRNA delivery, a synergistic tumor
killing effect could be envisioned when selecting a siRNA that triggers a complementary cell
death pathway (Scheme 1). Importantly, it can be rationalized from the literature that
prazosin holds the potential to enhance siRNA delivery to (cancer) cells in vivo. Indeed,
systemic administration of non-toxic prazosin concentrations could specifically reduce
xenograft tumor growth (and/or mice survival) via a direct anti-proliferative effect[42] or by
enhancing cross-presentation[46], both independently of its anti-adrenergic activity. Cancer
selectivity is an important trait for anticancer drugs. Of note, while CADs have been described
to induce cancer cell-specific lysosomal cell death due to the altered sphingolipid metabolism
in transformed cells[34], the dose-dependent cytotoxicity of prazosin to cancer cells as
compared to healthy cells still merits further investigation. In addition, local administration
(e.g., intratumoral injection) of the prazosin adjuvant in combination with chol-siRNAs might
be a valuable option to induce synergistic tumor cell killing, while avoiding systemic exposure
to high drug concentrations. For example, modified chol-siRNAs have shown to widely
distribute throughout xenografted glioblastoma tumors upon intratumoral injection and
subsequently produce functional knockdown[105]. We anticipate that our results could be
extrapolated to other lipid-modified siRNAs as well, which recently have shown gene silencing
potential in extrahepatic tissues[98]. Furthermore, co-encapsulation of prazosin and siRNA in
a lipid- or polymer-based nanocarrier could allow spatiotemporally controlled delivery of both
drugs at the cellular level[24], which could enable other administration routes and facilitate
in vivo translation. In this regard, our group recently reported on the integration of tricyclic
CADs in lipid-like nanoparticles for improved delivery of RNA therapeutics[23]. It would be of
interest to investigate if this approach could likewise be applied on less hydrophobic

guinazolinamine derivatives such as prazosin.

The documented in vitro and in vivo anti-tumor activity of quinazolines includes, besides
apoptosis induction[36—44], the activation of the metastasis-protective anoikis effect[106],
the inhibition of tumor-angiogenesis[107] and the abovementioned enhancement of cross-
presentation in dendritic cells by prazosin, both in vitro and in vivo [46]. The process of cross-
presentation (Scheme 1) involves the internalization of exogenous proteins (e.g., cell-
associated antigens released by dying cancer cells) by antigen-presenting cells, which are

subsequently broken down into short peptides that can be loaded onto Major



Histocompatibility Complex class | (MHC 1) molecules. In this way, tumor antigens are
presented to naive antigen-specific CD8* T-cells, which require this activation step to
proliferate and differentiate into effector cytotoxic T lymphocytes[46,108]. Two main cross-
presentation pathways have been described. In the vacuolar pathway, antigens are processed
by endolysosomal proteases and directly loaded on MHC | molecules within the endocytic
compartment. In contrast, the cytosolic pathway (Scheme 1) involves endosome-to-cytosol
antigen import, where proteasomal degradation produces peptides that are delivered to the
lumen of MHC I-containing compartments (e.g. endoplasmic reticulum, ER) via the
transporter for antigen presentation (TAP)[46,108,109]. Interestingly, albeit the relative
involvement of both models in in vivo cross-presentation remains unclear, the endolysosomal
escape of antigens into the cytosol has shown to be a crucial and rate-limiting step in the
cytosolic pathway[46,109]. Similar to our results with siRNA, prazosin has shown to enhance
the efficiency of this TA endosome-to-cytosol transport in dendritic cells, leading to a
synergistic effect with checkpoint anti-tumor immunotherapy in a melanoma xenograft
mouse model[46]. As combination therapies are the mainstay of clinical cancer care, it has
been previously postulated to increasingly allow nanomedicines to synergize with
pharmacological and physical co-treatments[110]. This recently published study together
with the data presented in this work suggest that a multifaceted anti-cancer combination

strategy could potentially be pursued with prazosin.
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Scheme 1. Schematic illustration of the main anti-tumor actions of prazosin. (1-2) As prazosin (PRA)
can boost the cytosolic delivery of siRNA, while also having a direct pro-apoptotic activity, the
combination of PRA and a therapeutic siRNA (e.g. against efflux multidrug resistance proteins, anti-
apoptotic proteins, etc.) can open up avenues for synergistic treatment in the context of anti-cancer



therapy. Ideally, PRA would improve the functional delivery of these siRNAs, which in turn may boost
the PRA-induced cell death. (3) Interestingly, similar to the observed boost in endolysosomal escape
of siRNA molecules, PRA has also been described as a molecule that can improve the import of tumor
antigens (TAs) from the endolysosomes into the cytosol of dendritic cells, thus improving cross-
presentation (i.e. presentation of TAs on Major Histocompatibility Complex class | molecules) and -
priming, which is necessary for cytotoxic T lymphocyte-mediated anti-tumor immune responses. (MHC
class | = Major Histocompatibility Complex class | molecules, TA = tumor antigen, ER = endoplasmic
reticulum, TAP = transporter for antigen presentation, TCR = T-cell receptor). Figure created with
BioRender.com.



3. CONCLUSION

Inefficient intracellular delivery remains one of the most important barriers for nucleic acid
therapeutics. We recently discovered that multiple cationic amphiphilic drugs (CADs) can be
repurposed as cytosolic delivery-promoting adjuvants of siRNA and antisense
oligonucleotides in distinct cancer cell lines. In this work, we further demonstrated that other
small molecular drugs, which do not have the typical physicochemical properties of CADs, can
likewise be repurposed as siRNA delivery enhancers. Most importantly, our data indicate that
prazosin, a quinazolinamine-based al-adrenergic antagonist, can both induce cell death and
increase the permeability of endolysosomes for small nucleic acid cargo. Consequently, we
anticipate that the gained insights will fuel further experiments in which the prazosin adjuvant
approach is used in a combination therapy that could potentially provide synergistic anti-

cancer effects.



4. MATERIALS AND METHODS

siRNA duplexes and oligonucleotides

The 21mer siRNA duplexes targeted against the enhanced green fluorescent protein (eGFP,
sieGFP) and the negative control siRNA (siCTRL) were purchased from Eurogentec (Seraing,
Belgium). The 19mer cholesterol (chol)-conjugated siRNAs (Accell, chol-siRNA 2) were
purchased from Dharmacon (Lafayette, CO, USA). The other chol-conjugated siRNAs (chol-
siRNA 1) with siSTABLE modifications were also purchased from Dharmacon (Lafayette, CO,
USA). Dicer substrate asymmetric 25/27mer siRNA duplexes targeting eGFP (DsieGFP) or
firefly luciferase (DsiFLuc) were provided by Integrated DNA Technologies BVBA (IDT, Leuven,
Belgium). The used negative controls consist of a sequence that has no relevant homology to
any known eukaryotic gene sequences. Alexa Fluor® 647 labeled 21mer oligonucleotides
(AF647 ONs) were from Eurogentec (Seraing, Belgium). The concentration of the siRNA/ON
stock solutions in nuclease-free water (Ambion®-Life Technologies, Ghent, Belgium) was
calculated from absorption measurements at 260 nm (1 0D260 = 40 ug mL™*) with a NanoDrop
2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, Rockford, USA). The sequences
and modifications of the applied (chol-conjugated) siRNA duplexes/ONs are summarized in

Table S2.

Nanoparticle synthesis, preparation and siRNA complexation

Using an inverse miniemulsion photopolymerization method as previously reported, dextran
hydroxyethyl methacrylate (dex-HEMA, degree of substitution (DS) of 5.2) was copolymerized
with a cationic methacrylate monomer [2-(methacryloyloxy)ethyl]-trimethyl-ammonium
chloride (TMAEMA) to produce cationic dex-HEMA-co-TMAEMA nanogels (hereafter
abbreviated as dex-HEMA NGs)[14,111-113]. The synthesized NGs were lyophilized and
stored desiccated to ensure long-term stability. To produce siRNA-loaded NGs (siNGs) for in
vitro experiments, a NG stock (2 mg/mL) was prepared by dispersing a weighed amount of
NGs in ice-cooled nuclease-free water (Ambion®-Life Technologies, Ghent, Belgium), followed
by brief sonication (3 x 5 sec, amplitude 10%; Branson Ultrasonics Digital Sonifier®, Danbury,
USA). Next, equal volumes of NGs and siRNA in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (20 mM, pH 7.4) were mixed and allowed to
incubate on ice for 10 min, prior to further dilution in Opti-MEM® (Invitrogen, Merelbeke,

Belgium). This complexation procedure was applied for all cell-based experiments in a 96-well



plate and resulted in a 30 ug/mL NG dispersion loaded with 1 nM siRNA (0.033 pmol siRNA/ug

NGs or 0.1 pmol siRNA/well), unless indicated otherwise.

To obtain PEGylated cationic liposomes, (2,3-dioleoyloxy-propyl)-trimethylammonium
(DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000] (DSPE-PEG2000)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) as solutions in chloroform.
PEGylated (corresponding to 5 mol% of the total lipids) DOTAP-DOPE (1:1 molar ratio)
liposomes were prepared via the lipid film hydration method by mixing appropriate amounts
of the mentioned lipids in a round bottom flask. Rotary evaporation under vacuum at 40 °C
resulted in a lipid film, which was subsequently hydrated using 1 mL HEPES buffer (pH 7.4, 20
mM). The lipid dispersion was vortexed and sonicated using a probe sonicator (1 min,
amplitude 10%; Branson Ultrasonics Digital Sonifier®, Danbury, USA) to obtain a
monodisperse 2 mM liposome dispersion (total lipid concentration). Next, PEGylated DOTAP-
DOPE liposomes were complexed with siRNA at an optimal charge ratio (nitrogen/phosphate
ratio) equal to eight.[114] Hereto, equal volumes of liposomes and siRNA in HEPES buffer
were mixed and allowed to complex at room temperature for 30 min prior to further dilution
in Opti-MEM® and transfection. Preparation of DsiRNA-loaded ionizable lipid (MC3)-based
lipid nanoparticles (MC3 LNPs) and siRNA-in vivo-jetPEI® polyplexes is described in

supplementary information.

Cell lines and cell culture conditions

Cell culture experiments were performed using a human non-small cell lung epithelial
carcinoma cell line (H1299) stably expressing eGFP (H1299-eGFP) or the wild type variant
(H1299-WT, ATCC® CRL-5803™), respectively obtained from the lab of Prof. Camilla Foged
(Department of Pharmacy, University of Copenhagen, Denmark) and the American Type
Culture Collection (ATCC, Manassas, USA)[25,27,115,116]. H1299 cells (H1299-WT and
H1299-eGFP) were cultured in Roswell Park Memorial Institute (RPMI) 1640 culture medium,
supplemented with 10% fetal bovine serum (FBS, Hyclone™, GE Healthcare, Machelen,
Belgium), 2 mM L-Glutamine and 100 U/mL penicillin/streptomycin (hereafter collectively
called ‘complete cell culture medium’ or CCM). Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO, and were passed every 3 days using a 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) solution to maintain subconfluency. H1299-eGFP

cells were treated with CCM containing 1 mg/mL Geneticin® once per month to allow eGFP



transgene selection. All cells were regularly tested and found negative for mycoplasma. All
cell culture products were purchased from Gibco®-Life Technologies (Grand Island, NY, USA)

unless specifically mentioned otherwise.

Quantification of transfection efficiency and lysosomal volume of nanoparticle
transfection and sequential adjuvant treatment by flow cytometry

To quantify gene silencing efficiency and lysosomal volume, H1299-eGFP cells were seeded in
96-well plates (VWR, Radnor, USA) at a density of 7500 cells/well (100 pL/well) and were
allowed to settle overnight. Next, the cells were transfected with dex-HEMA siNGs (0.1 pmol
siRNA/well, prepared as described above) or PEGylated DOTAP-DOPE siRNA-loaded liposomes
(50 nM siRNA, prepared as discussed above) during 4 h at 37 °C in a humidified atmosphere
containing 5% CO.. For chol-siRNA experiments, cells were transfected for 6 h in Opti-MEM®
as previously described[71]. Note that for every sieGFP condition a siCTRL sample was
included to account for potential off-target effects. Subsequently, the transfection dispersion
was removed and the cells were washed with phosphate buffered saline (PBS”", no calcium,
no magnesium) and subsequently received 50 pL fresh (DMSO control) or compound-
containing CCM at the indicated concentrations (maximally 0.08% (v/v) residual DMSO). Note
that apart from the NIHCC-compounds (described in our previous work[25]), all small
molecules were obtained from Cayman Chemicals (Michigan, USA), except terazosin HCI
dihydrate and YM-201636 which were from LKT Laboratories Inc. (St. Paul, USA) and Invivogen
(San Diego, CA), respectively. Stock solutions were prepared in sterile-filtered BioPerformance
Certified dimethyl sulfoxide (DMSO, Sigma-Aldrich, Overijse, Belgium). After 20 h, the small
molecule containing CCM (and DMSO control) was removed and cells were kept in 50 pL fresh
CCM for an additional 24 h. Following labeling of lysosomes with the LysoTracker™ Deep Red
(LDR) probe (Molecular Probes™, Eugene, OR, USA) through incubation with 50 uL 75 nM LDR
in CCM for 30 min at 37 °C, flow cytometry analysis was performed. Sample preparation
consisted of detachment with 30 plL 0.25% trypsin-EDTA, neutralization with 120 uL CCM and
a transfer of the cell suspensions to an U-bottom 96-well plate (Greiner Bio-One GmbH,
Vilvoorde, Belgium), which was centrifuged during 5 min at 500 g. After removal of 120 uL
supernatant, the cells were resuspended in 80 pL flow buffer (PBS” with 1% (v/v) FBS
(Hyclone™, GE Healthcare, Machelen, Belgium) and 0.1% (w/v) sodium azide (Sigma Aldrich,
Overijse, Belgium)) and kept on ice until analysis. For each sample the forward and side scatter

(respectively FSC and SSC) as well as the green and red fluorescent signal of single cells were



measured. The samples were excited with the 488 and 638 nm laser lines and the signal was
detected with the 525/40 and 660/20 filters using the CytoFLEX flow cytometer with plate
loader for 96-well plates (Beckman Coulter, Krefeld, Germany) and CytExpert software. FlowJo
software (Tree Star Inc., Ashland, OR, USA) was used for data analysis. The calculated
percentages eGFP expression (i.e. the eGFP expression of cells treated with sieGFP was
normalized to the expression of cells treated with a siCTRL under the same conditions) and
fold changes in LDR signal intensity/SSC signal are presented as the mean * standard error of
the mean (SEM) for minimum 3 independent repeats (biological replicates), unless otherwise

indicated.

In an additional experiment (Figure S7A-B), H1299-eGFP cells (seeded at 35000 cells/well)
were transfected in 24-well plates with dex-HEMA siNGs for 4 h at 37 °C and subsequently
treated with compounds as described before[27]. Transfection procedure and transfection
efficiency determination for in vivo-jetPEI® and MC3 LNPs is described in supporting

information.

Cell viability

H1299-eGFP cells were seeded, transfected with dex-HEMA siNGs/chol-siRNAs and treated
with the compounds similar to the silencing experiments. The cell viability was determined
with the CellTiter GLO® assay (Promega, Belgium), according to the manufacturer guidelines.
Before initiating the assay, the culture plates and reconstituted assay buffer were placed at
room temperature for 30 min. Next, the CCM was replaced by 100 uL fresh CCM and an equal
volume of assay buffer was added. To induce complete cell lysis, the plates were shaken
during 2 min and the signal was allowed to stabilize the following 10 min. Next, 100 uL from
each well was transferred to an opaque 96-well plate, which was measured with a GloMax®
96 Microplate Luminometer (Promega, Belgium). Data are presented as the mean cell viability
(%, percentage of luminescent signal relative to non-treated cells (NTC) for each condition) +
standard error of the mean (SEM) for three independent repeats (or a biological duplicate in

Figure 4E and Figure 6D).

Visualization and quantification of the cytosolic release of AF647 ONs

H1299-eGFP cells were seeded at 75000 cells/compartment in 35mm diameter glass bottom
microscopy dishes with 4 compartments (Greiner Bio-One GmbH, Germany) and were
allowed to settle overnight. After removal of the complete cell culture medium (CCM), the

cells were transfected with 300 uL of a 30 ug/mL NG dispersion loaded with 50 nM AF647 ONs



(= 1.667 pmol AF647 ONs/ug NGs). Following incubation for 4 h (37 °C, 5% CO3), the ON-NG
dispersion was removed and the cells were washed once with dextran sulfate sodium salt
(Sigma-Aldrich, Overijse, Belgium, 1 mg/mL in PBS) and once with phosphate buffered saline
(PBS, Invitrogen, Merelbeke, Belgium). Next, the cells received 500 pL fresh CCM, containing
different uM concentrations of small molecular compounds or a DMSO control, for 20 h (37
°C, 5% CO,). After removal of the small molecule-containing CCM, the nuclei were labeled
with Hoechst 33342 (Molecular Probes™, Belgium) in CCM (1 mg/mL in water, 1/1000
dilution) during 15 min at 37 °C. Finally, the Hoechst solution was removed, fresh CCM was
added and cells were kept at 37 °C in a humidified atmosphere containing 5% CO; until
imaging. A spinning disk confocal (SDC) microscope (Nikon eclipse Ti, Japan), equipped with a
MLC 400 B laser box (Agilent technologies, California, USA), a Yokogawa CSU-X confocal
spinning disk device (Andor, Belfast, UK), an iXon ultra EMCCD camera (Andor Technology,
Belfast, UK), a Plan Apo VC 60x 1.4 NA oil immersion objective lens (Nikon, Japan) and NIS
Elements software (Nikon, Japan) was applied for imaging. The 408 nm, 488 nm and 663 nm
laser lines were, respectively, used to excite the DAPI-labeled nuclei, the eGFP protein and
the fluorescence resulting from AF647 ONs. A wait command of 0.2 seconds in between the
image acquisition of the 3 channels was applied to avoid spectral overlap of the DAPI dye and
the eGFP protein. If endolysosomal escape occurs, the labeled ONs will spread towards the
cytosol, dequench and finally accumulate into the nucleus[25,69,70]. During data analysis
with ImageJ (FlJI) software, both the total cell number and amount of cells with AF647 ON-
positive nuclei were counted. Nuclei were detected in the blue channel by thresholding
(applying the same offset values for every image) and intensity analysis (mean grey value), of
the nuclear fluorescence signal in the red channel, was done. Using the 6% version of the
GraphPad Prism software, these intensity values were plotted in frequency distributions and
based on these histograms, a percentage of cells with AF647 ON-positive nuclei was
determined. Data are represented as the percentage of cells with AF647 ON-positive nuclei

for at least 496 cells in minimum 54 images.

Phospholipidosis detection with LipidTOX™ Red

H1299-eGFP cells were seeded (75000 cells/compartment) and were allowed to settle
overnight as specified for the AF647 ON release experiment. Next, the cells were incubated
with a mixture of a 1/1000 dilution of the LipidTOX™ Red Phospholipidosis Detection Reagent
(Thermo Fisher Scientific, Rockford, USA) and the desired compounds in CCM. Upon 20 h



incubation, the nuclei were labeled with Hoechst 33342 as detailed for the AF647 ON release
experiment. The 408 nm, 488 nm and 561 nm laser lines were applied to, respectively, excite
the Hoechst labeled nuclei, the eGFP protein and the fluorescence resulting from the
LipidTOX™ Red Phospholipidosis dye. Imaging occurred with a SDC microscope as described
above for visualizing the cytosolic release of AF647 ONs with confocal microscopy. The
LipidTOX™ Red Phospholipidosis signal area was determined with ImageJ (FUI) in at least 175
cells from minimum 41 images. To this end, all confocal images were processed by applying
the same offset values for the LipidTOX™ Red Phospholipidosis signal. In each image, both the
number of cells and signal area of the LipidTOX™ Red Phospholipidosis dye was determined
to allow calculation of the normalized LipidTOX™ Red Phospholipidosis area (i.e. LipidTOX™
Red Phospholipidosis signal area/cell number) in each image. The fold change in LipidTOX™
Red Phospholipidosis signal area was calculated by dividing the normalized signal area in

treated cells by the normalized signal area in untreated cells.

Visualizing lysosomes

H1299-eGFP cells were seeded as specified for the AF647 ON release and LipidTOX™
experiment and subsequently treated with the indicated compound concentrations for 20 h.
Next, after removal of the compound-containing CCM, lysosomes and nuclei were labeled
with, respectively, 75 nM LysoTracker™ Deep Red (LDR) and Hoechst 33342 in CCM (1 mg/mL
in water, 1/1000 dilution) during 30 min at 37 °C. Finally, following dye removal, fresh CCM
was added and cells were kept at 37 °C in a humidified atmosphere containing 5% CO, until
imaging (no fixation step was applied). A laser scanning confocal microscope (Nikon A1R HD
confocal, Nikon, Japan), equipped with a Plan Apo VC 60x 1.4 NA oil immersion objective lens
(Nikon, Japan), a resonant scanner and NIS Elements software (Nikon, Japan) was applied for
imaging. The 405 nm, 488 nm and 640 nm laser lines were applied to, respectively, excite the
Hoechst labeled nuclei, the eGFP protein and the fluorescence resulting from the LDR-stained

lysosomes.

Statistical analysis

Statistical analysis was performed using the 6% version of the GraphPad Prism software. One-
way ANOVA combined with the post-hoc Dunnett test was applied to compare multiple
conditions, whereas the student t-test was used for direct comparison of 2 conditions.
Multiple linear regression analysis was performed with normalized eGFP expression as a

dependent variable. A p value < 0.05 was considered a priori to be statistically significant.
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