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Prostate cancer (PC) is a leading cause of cancer-related deaths
in men worldwide. Interleukin-30 (IL-30) is a PC progression
driver, and its suppression would be strategic for fighting
metastatic disease. Biocompatible lipid nanoparticles (NPs)
were loaded with CRISPR-Cas9gRNA to delete the human
IL30 (hIL30) gene and functionalized with anti-PSCA-Abs
(Cas9hIL30-PSCA NPs). Efficiency of the NPs in targeting
IL-30 and the metastatic potential of PC cells was examined
in vivo in xenograft models of lung metastasis, and in vitro
by using two organ-on-chip (2-OC)-containing 3D spheroids
of IL30+ PC-endothelial cell co-cultures in circuit with either
lung-mimicking spheroids or bone marrow (BM)-niche-
mimicking scaffolds. Cas9hIL30-PSCA NPs demonstrated cir-
culation stability, genome editing efficiency, without off-target
effects and organ toxicity. Intravenous injection of three doses/
13 days, or five doses/20 days, of NPs in mice bearing circu-
lating PC cells and tumor microemboli substantially hindered
lung metastasization. Cas9hIL30-PSCA NPs inhibited PC cell
proliferation and expression of IL-30 and metastasis drivers,
such as CXCR2, CXCR4, IGF1, L1CAM, METAP2, MMP2,
and TNFSF10, whereas CDH1 was upregulated. PC-Lung and
PC-BM 2-OCs revealed that Cas9hIL30-PSCA NPs suppressed
PC cell release of CXCL2/GROb, which was associated with
intra-metastatic myeloid cell infiltrates, and of DKK1, OPG,
and IL-6, which boosted endothelial network formation and
cancer cell migration. Development of a patient-tailored nano-
platform for selective CRISPR-mediated IL-30 gene deletion is
a clinically valuable tool against PC progression.

INTRODUCTION
Prostate cancer (PC) is the leading cancer diagnosis among men and
the second most common diagnosis overall.1 Although mortality has
declined due to early screening and improved treatment of the pri-
mary tumor,2 metastatic disease, which may be detected at the first
clinical observation or be diagnosed years after prostatectomy, is
currently incurable, and represents a global public health challenge.
Furthermore, its incidence is expected to increase due to the world-
wide population aging.3
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Metastasis is a lethal dynamic process consisting of five major steps:
(1) acquisition of invasion and migration capabilities by cancer cells,
(2) their intravasation and (3) survival into the bloodstream or
lymphatic vessels, (4) trans-endothelial migration and extravasation
at the secondary sites, and finally (5) colonization of target organs.4

Each phase requires cancer cells to overcome harsh physicochemical
and microenvironmental conditions, and their survival in the blood-
stream, where hemodynamic shear forces, immune stresses, and colli-
sion with red blood cells seriously threaten their vitality, constitutes
an extremely difficult event, which is essential to secondary site colo-
nization.5 In this contest, a primary role has been established for can-
cer cell-derived growth or immunoregulatory factors.6,7

Recently, an immunoregulatory mediator, known as interleukin-30
(IL-30),8,9 has emerged as a critical regulator of PC onset and
behavior.10–12 It can be expressed, as a membrane-anchored cytokine,
by cancer cells,13–15 or released in the microenvironment by activated
myeloid-derived cells (MDCs). IL-30 silencing, or deletion, results in
a considerable inhibition of PC growth and progression, associated
with a substantial remodeling of the tumor’s genetic and microenvi-
ronmental programs.15,16 However, the implication of IL-30 in the
different stages of the metastasis cascade it is not yet fully understood.

Here, we wondered whether IL-30 may be involved in the survival of
PC cells spread throughout the bloodstream, their extravasation and
colonization of the main target organs, and, therefore, whether its se-
lective suppression, by using an IL-30-targeting CRISPR-Cas9-gRNA
complex delivered at the sites of disseminated PC cells by anti-pros-
tate stem cell antigen (PSCA) antibody (Ab)-guided nanocarriers,
may impact the onset and development of PC metastasis.
thor(s).
ne and Cell Therapy.
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CRISPR-associated nuclease 9 (Cas9) is an efficient RNA-guided
genome editing tool with great potential for clinical application,17

including targeted cancer therapy, which offers several advantages
compared with conventional methods, such as cost-effectiveness,
flexibility, and simplicity to use.18

PSCA is a cell surface antigen barely detected in the basal cells of
the normal prostate and overexpressed in more than 80% of PCs.
Its expression level correlates with tumor stage, grade and
androgen independence and may be a useful molecular target in
advanced PC.19

By using a cutting-edge tool, such as the two organ-on-chip (2-OC)
technology,20 which recapitulates the dynamic in vivo conditions of
(1) the primary tumor and (2) the major metastatic sites (such as
bone marrow [BM] and lungs21), connected by a pulsatile and contin-
uous perfusion system, mimicking blood stream shear stress, as well
as in vivomodels of metastasis, we highlighted the biomolecular path-
ways triggered by IL-30 on the path to PC metastasis and determined
the therapeutic value of active IL-30 targeting at the sites of metastatic
colonization.

A major challenge was the identification of the key mechanisms un-
derlying IL-30 regulation of the PC progression programs, with the
final goal of developing a molecularly targeted nanoplatform to pre-
vent metastasis, while minimizing side effects and improving the well-
being especially of the frail and elderly patients.

RESULTS
Production of biocompatible nanoliposomes loaded with

CRISPR-Cas9gRNA targeting the IL30 gene in PC cells

Cationic lipid nanoparticles (NPs) coated with PEG were synthesized
using a microfluidic device (Dolomite Microfluidics), with lipid com-
pounds approved for medical use by both the European Medicines
Agency (EMA) and the Food and Drug Administration (FDA).
Figure 1. Physical characterization of immunoliposomes, binding to and taken

(A) Therapeutic nanoplatform consisting of spherical immunoliposomes of less than 1 mm

functionalized, via an aldehyde-maleimide reaction that links the Fc domain of the anti-P

(B) Flow cytometric assessment of the specific binding of anti-hPSCA-conjugated/rhoda

and PC3 (bottom right) cells, compared with unconjugated/rhodamine-labeled nanolipo

unconjugated NPs; red areas, isotype controls. Experiments were performed in triplicate.

NP (20.41 ± 3.16mV) (C) and of the zeta potential of Cas9hIL30-PSCANP (5.05 ± 1.60m

of spherical vesicles homogeneous in size and shape (E), which are quickly taken u

(Cas9hIL30-PSCA NPs) (F). (G) A magnification of endocytosed NPs compared with u

nuclei; PM, plasma membrane. Ultrastructural images of NP-treated PC3 cells are com

terization of CRISPR-Cas9gRNA-mediated hIL30 editing, delivered by immunoliposom

(editing efficiency or on-target effects [ONTs]) and in off-target sites (Off-target effects [O

of variants (ONTs andOFTs) in cells treated with PBS or empty-hPSCANPs (controls) wa

characterization of CRISPR-Cas9gRNA-mediated hIL30 editing delivered by immunoli

gene (editing efficiency or ONTs) and in OFTs in the indicated organs of DU145 (J) an

frequency of variants (ONTs and OFTs) in organs of mice treated with PBS or empty-

Cas9hIL30-PSCANPsmeasured at different time points over a 24h period. Experiments

conjugated or unconjugated with anti-hPSCA Abs in DU145 metastasis-bearing NSG

*p < 0.01, Tukey HSD test versus free Cas9.
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NPswere either unloaded (empty), and used as control, or loadedwith
CRISPR-Cas9gRNA-hIL30 complex (Cas9hIL30) at a 1:3 flow rate ra-
tio (lipids/CRISPR-Cas9gRNA-hIL30) and exhibited an entrapment
efficiency of 60%. For active targeting of PC cell-anchored IL-30,
NPs were then conjugated, via an aldehyde-maleimide reaction,
on the PEG-CHOderivatives of the their external bilayer, with specific
Abs that recognize and bind to the PSCA (Figure 1A), a prostate-spe-
cific cell surface glycosylphosphatidylinositol-linked marker, which
is overexpressed in more than 80% of prostate tumors,22 to generate
empty- and Cas9hIL30-loaded immunoliposomes, hereinafter
referred as empty-PSCANPs and Cas9hIL30-PSCANPs, respectively.

PSCA is expressed by both PC3 and DU145 cells, which also express
membrane-bound IL-30. These cell lines, which are representative of
AR�CD44+PSA�CgA+NSE+ and AR+CK8/14+PSA+ metastatic PCs,
respectively,15,23,24 were used in this study. Binding specificity of
anti-PSCA conjugated/rhodamine (RhB)-labeled NPs, RhB-PSCA-
NPs, versus unconjugated RhB-NPs, to the surface of PC cells was as-
sessed by flow cytometry (Figure 1B).

Average particle size and zeta electromotive force determination by
dynamic laser light scattering demonstrated that empty-PSCA NPs
and Cas9hIL30-PSCA NPs were submicron nanoparticles (Figures
1C and 1D; Table S1). Both immunoliposomes consisted of spherical
electron-dense vesicles that were homogeneous in size and shape, as
demonstrated by transmission electron microscopy (TEM) (Fig-
ure 1E), which also showed faster uptake and more efficient endocy-
tosis by PC cells of Ab-conjugated Cas9hIL30-PSCA NPs compared
with unconjugated Cas9hIL30 NPs, as inferred from the ultrastruc-
tural images captured 2 h after treating the tumor cells (Figures 1F–
1H). Similar vesicles were absent, both nearby and inside the un-
treated or PBS-treated cells (Figure S1).

To assess the potential genotoxicity of the CRISPR-Cas9gRNA-hIL30
complex due to non-specific cleavage of the genome,25 whole-genome
up by prostate cancer cells

in diameter, loaded with CRISPR-Cas9gRNA targeting the human IL30 gene, and

SCA Abs on the PEG derivatives present on the external bilayer of the nanoparticles.

mine-labeled nanoliposomes (RhB-hPSCA-NPs) to the surface of DU145 (top right)

somes (RhB-NPs) (top left and bottom left). Blue areas, anti-hPSCA conjugated or

(C and D) Dynamic laser light scattering analysis of the zeta potential of empty-PSCA

V) (D). (E–H) Transmission electronmicroscopy (TEM) images show that NPs consist

p and endocytosed by PC (DU145) cells when conjugated with anti-PSCA Abs

nconjugated NPs (Cas9hIL30 NPs). (H) Nanoparticles are indicated by arrows. N,

parable with those of NP-treated DU145 cells. (I) On-target and off-target charac-

es in vitro. Average frequency of CRISPR-Cas9-induced variants in the IL30 gene

FTs]) in DU145 and PC3 cell lines treated with Cas9hIL30-PSCA NPs. The frequency

s <0.1%. Experiments were performed in triplicate. (J and K) On-target and off-target

posomes in vivo. Average frequency of CRISPR-Cas9-induced variants in the IL30

d PC3 (K) metastases-bearing NSG mice treated with Cas9hIL30-PSCA NPs. The

hPSCA NPs (controls) was <0.1%. (L and M) Serum (L) and pH (M) stability of the

were performed in triplicate. (N) Pharmacokinetics of free Cas9 and Cas9hIL30NPs,

mice. % ID/g, percentage of total injected dose per weight. ANOVA, p < 0.001.



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 11 November 2024 3935

http://www.moleculartherapy.org


Molecular Therapy
sequencing of the off-target regions (Table S2) for the selected single-
guide RNA was performed in both PC3 and DU145 cell lines, and in
the tissues from different organs of NSG mice treated with
Cas9hIL30-PSCA NPs (1 mg/mL, 48 h) or with PBS. The frequency
of variants of the off-target regions detected in the cell cultures (Fig-
ure 1I) in the micrometastases obtained from lung microdissection
and in the organs of mice (Figures 1J and 1K) treated with
Cas9hIL30-PSCA NPs was comparable with that observed, respec-
tively, in cancer cell cultures or in metastasis and organs of mice
treated with PBS (controls) (<0.1%), which demonstrated the speci-
ficity of the genome editing.

Serum and pH stability of immunoliposomes was assessed by
measuring changes over time in their size in medium containing
10% FBS (Figure 1L) and at different pH values (Figure 1M). The
size of the immunoliposomes was constant over 24 h, and over a
wide pH range, suggesting their suitability for drug delivery.

The release rate of Cas9 by Cas9hIL30-loaded Ab-conjugated and
-unconjugated NPs, as measured at 30min, was 27% and 30%, respec-
tively, which complies with the liposome formulation guidelines, in
the international pharmacopoeia (https://digicollections.net/phint/
2020/index.html#d/b.1) that recommends a release rate <40% in
0.5 h.

Since our focus was the treatment of disseminated tumor cells and tu-
mor microemboli, the pharmacokinetics, biodistribution, and cancer
Figure 2. Treatment of lung PC microemboli with immunoliposomes carrying C

(A) Hematoxylin and eosin (H&E) (a) and immunohistochemical staining for PSCA (b) of D

inoculation into the dorsal tail vein (intravenously [i.v.]). Similar images were obtained

Confocal microscopy images of lungs from NSG mice bearing GFP-labeled DU145 tum

pictures) and 1 h (C) from i.v. inoculation of (red-labeled) RhB-hPSCA-NPs. The signal int

(B, bottom). Similar results were obtained from NSGmice, bearing GFP-labeled PC3 tum

nuclei. Magnification: �400. Scale bars, 40 mm. (D and E) Quantification, by LSC, of t

developed in NSG mice. The uptake by tumor cell clusters of the RhB-NPs (light gree

percentage ± SD of RhB+GFP+ cells/total number of GFP+cells. *p < 0.01, Student’s t-te

clusters within the lung revealed that the NP penetration and internalization in metastatic

cancer cells (arrows), and very efficient for anti-PSCA Ab-conjugated NPs (G and H, endo

cells, after NPs administration, were comparable with those of DU145 cell clusters. N, n

cells after 48 h incubation with different concentrations (0.2, 0.4, 1 mg/mL) of empty

untreated cells were comparable with those fromPBS-treated cells. Experiments were p

72 h incubation with 1 mg/mL of Cas9hIL30-PSCA NPs versus PBS-treated and IL30

#p < 0.01, Tukey HSD test versus 1 mg/mL-treated, and PBS-treated cells. Results fro

treated and untreated cells. Experiments were performed in triplicate. (K) Humanmetast

IL30KO-DU145 and control NTgRNA-treated DU145 cells (light green bars) or PC3 cells

empty-hPSCA NP-treated DU145 cells (dark green bars) or PC3 cells (dark blue bars

p < 0.001. Only genes with a fold change >2 are shown. Experiments were performed in

(top gray arrow) or three (bottom gray arrow) treatments with Cas9gRNA-hIL30-loaded i

(fuchsia stained) or DU145 (orange stained) cells (which constitutively express membran

of immunoliposomes (250 mL dose, with 50 mg/mL of Cas9 and 20 mg/mL of lipids conc

cancer cells. Treatment administration was stopped 20 (5 treatments) or 13 (3 treatmen

injection of IL30KO or wild-type DU145 cells, and 5 treatments with PBS, empty-hPS

compared with DU145 tumor microemboli treated with PBS or empty-hPSCA NPs. (N) M

or wild-type PC3 cells, and 5 treatments with PBS, or empty-hPSCA NPs, or Cas9hIL3

tumor microemboli treated with PBS or empty-hPSCA NPs.
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cell uptake of NPs were assessed in mice bearing disseminated PSCA+

cancer cells and tumor microemboli 3 days after intravenous (i.v.)
inoculation of DU145 or PC3 cells (Figure 2A). Pharmacokinetics
of Cas9hIL30-PSCA NPs demonstrated a half-life (t1/2) of 1 h, which
was significantly longer than that of free Cas9, which was 5 min
(ANOVA, p < 0.001) (Figure 1N) and comparable with the half-life
of unconjugated Cas9hIL30 NPs (1 h), suggesting that the lipidic
nanocarrier protects the Cas9gRNA-hIL30 complex from enzymatic
degradation. Pharmacokinetics were similar between mice bearing
DU145 cell-derived metastases and mice bearing PC3 cell-derived
metastases.

To confirm that the lipid shell protects the CRISPR-Cas9-gRNA com-
plex from enzymatic degradation, nanoparticle suspensions were
incubated overnight with or without proteinase K (50 mg/mL).26 After
proteinase K removal and cleavage with dimethyl sulfoxide (DMSO),
the ELISA assay revealed that the amounts of encapsulated CRISPR-
Cas9-gRNA complex were comparable between proteinase K-treated
and -untreated NPs, thus demonstrating the suitability of the nano-
particles in protecting their load.

Nanoparticle biodistribution and co-localization with GFP-marked
lung tumor microemboli was assessed by laser scanning confocal
(LSC) microscopy. LSC images of lungs from mice bearing GFP-
labeled DU145 or PC3 cell microemboli, which were i.v. inoculated
with RhB-labeled NPs unconjugated or conjugated with anti-PSCA
Abs (namely RhB-NPs and RhB-PSCA-NPs, respectively), showed
as9gRNA-hIL30

U145 tumor cell clusters observed in the lung of NSG mice 3 days after cancer cell

from PC3 tumor cell clusters. Magnification: �400. Scale bars, 40 mm. (B and C)

or microemboli (developed 3 days after i.v. cancer cell injection), after 15 min (B, top

ensity starts to decline 10min after inoculation in the case of unconjugated RhB-NPs

or microemboli inoculated with RhB-hPSCA-NPs or RhB-NPs. DAPI, DNA-stained

he NP uptake in DU145 (D, green bars) and PC3 (E, blue bars) tumor microemboli

n or blue) and RhB-hPSCA-NPs (dark green or blue) was expressed as the mean

st versus RhB-NPs at the same time point. (F–H) TEM images of tumor cell (DU145)

PC cells is negligible for unconjugated NPs (F), which were frequently found among

cytosed NPs are indicated by arrows). Ultrastructural images of lung clusters of PC3

uclei; PM, plasma membrane. (I) Viability of DU145 (green bars) and PC3 (blue bars)

-hPSCA NPs versus PBS-treated cells. ANOVA, p > 0.05. Results obtained from

erformed in triplicate. (J) Viability of DU145 (green bars) and PC3 (blue bars) cells after

KO cells. ANOVA: p < 0.001. *p < 0.01, Tukey HSD test versus PBS-treated cells.

m PBS-treated cells were comparable with those obtained from empty-hPSCA NP-

asis PCR array. Fold differences of the mRNAs of metastasis-related genes between

(light blue bars), and between Cas9hIL30-PSCANP-treated DU145 cells and control

). A significant threshold of a 2-fold change in gene expression corresponded to

duplicate. The dashed lines represent the 2-fold change cutoff. (L) Schedules of five

mmunoliposomes administered to NSGmice bearing single or small clusters of PC3

e-anchored IL-30) in the lung circulation. The mice were treated with a biweekly dose

entration), starting from the third day after the intravenous administration of 3� 105

ts) days later. (M) Mean number of lung metastasis developed in NSG mice, after i.v.

CA NPs, or Cas9hIL30-PSCA NPs. ANOVA: p < 0.01. *p < 0.01, Tukey HSD test

ean number of lung metastases developed in NSGmice after i.v. injection of IL30KO

0-PSCA NPs. ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test compared with PC3
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a distinct RhB fluorescence signal 5 min after inoculation of both
RhB-PSCA-NPs and RhB-NPs. In mice inoculated with RhB-NPs,
the signal intensity declined 10 min later and was nearly lost after
30 min. By contrast, inoculation of RhB-PSCA-NPs generated a
robust signal 10 min after injection, which peaked an hour later
(Figures 2B–2E). At this time point, ultrastructural images of tumor
cell clusters entrapped in the lung revealed that the uptake and inter-
nalization in metastatic PC cells were negligible for unconjugated NPs
(Figure 2F) and very efficient for anti-PSCA Ab-conjugated NPs
(Figures 2G and 2H). Similar vesicles, formed by electron-dense
membranes, were never found nearby or in the cytoplasm of
neoplastic cells lodged in the lungs of PBS-treated animals (Figure S2),
excluding that they may be of cellular origin.

To assess the uptake of NPs by different organs, LSC microscopy an-
alyses of liver, kidneys, lungs, spleen, and prostate were performed at
specific time points (5, 10, 30 , and 90 min) after RhB-PSCA-NPs or
RhB-NPs injection. The signal intensity from the uptake of both NPs,
progressively increased in the liver and the kidneys, the organs pri-
marily involved in liposome metabolism and clearance27 and reached
its peak 1 h later. At 30 and 90 min post-injection, the signal intensity
from these organs remained higher than the signals from the lungs,
the spleen, and prostate, but significantly lower than the signals
from lung metastases of mice inoculated with RhB-PSCA-NPs
(Figures S3 and S4).

The results from both confocal and electron microscopy analysis
steered us to use anti-PSCA Ab-conjugated nanoparticles to perform
subsequent in vitro and in vivo experiments.

Cas9gRNA-hIL30-releasing immunoliposomes inhibit PC cell

proliferation and regulate a wide range of metastasis driver

genes

Exposure of DU145 and PC3 cells to increasing concentrations of
empty-PSCA NPs was ineffective and comparable with that of un-
treated or PBS-treated cells, demonstrating the lack of toxicity of
nanocarriers in vitro (Figure 2I). By contrast, treatment with
Cas9hIL30-PSCA NPs gave rise to a progressive inhibition of cancer
cell proliferation in the same concentration range (Figure 2J). Before
testing the impact of Cas9gRNA-hIL30-loaded immunoliposomes
in vivo, in metastatic disease, we investigated whether they could
affect the gene expression profile of PC cells, specifically the expres-
sion of metastasis drivers, which was also analyzed, for comparative
studies, in IL30KO-DU145 and IL30KO-PC3 cells, obtained via
classic CRISPR-Cas9 editing of the IL30 gene (i.e., lipid transfection
or lipofection) in wild-type DU145 e PC3 cells.15

Expression of the tumor suppressor and antimigratory gene CDH1/
E-Cadh28 was upregulated both in DU145 and PC3 cells treated
with Cas9hIL30-PSCA NPs compared with controls treated with
empty-PSCA NPs, and in IL30KO-DU145 and IL30KO-PC3 cells
compared with their respective wild-type clones. By contrast, the
expression of chemokine receptors CXCR2 and CXCR4, which regu-
late different cellular processes including chemotactic cell migra-
tion,29,30 was substantially downmodulated in both PC cell lines
treated with Cas9hIL30-PSCA NPs and in IL30KO-DU145 and
IL30KO-PC3 cells (Figure 2K).

Expression of IGF1, which has been shown to have autocrine growth
factor activity and to promote epithelial-to-mesenchymal transition
(EMT),31,32 together with the expression of METAP2 (methionine
aminopeptidase 2), which has been associated with biochemical PC
recurrence,33 and MMP2 (matrix metalloproteinase 2), which has
been associated with PC progression and reduced disease-free sur-
vival,34,35 were strongly downregulated in both PC cell lines by treat-
ment with immunoliposomes, as well as in IL30KO-DU145 and
IL30KO-PC3 cells compared with wild-type clones. PC cell expres-
sion of L1CAM, associated with tumor aggressiveness and bone
metastasis,36 and a member of the TNF superfamily, TNFSF10/
TRAIL, which induces apoptosis and regulates inflammation and
metastasis,37 was also substantially inhibited by treatment with
Cas9hIL30-PSCA NPs, as well as following IL-30 gene knockout in
IL30KO-DU145 and IL30KO-PC3 cells.

While upregulated in both IL30KO-DU145 and IL30KO-PC3 cells,
the expression of the metastasis suppressor CD82/KAI138,39 was effi-
ciently upregulated by immunoliposome treatment only in PC3 cells.
By contrast, the expression of the metastasis suppressor GNRH140 of
the pro-invasive and pro-angiogenic endoglycosidases, HPSE,41 and
pro-angiogenic growth factor, VEGF42 were all downmodulated in
both IL30KO-DU145 and IL30KO-PC3 cells, whereas they were effi-
ciently suppressed by treatment only in PC3 cells (Figure 2K).

Immunoliposome delivery of CRISPR-Cas9-targeting IL30 in

PSCA+PC cells spread through the pulmonary circulation

effectively inhibits their metastasization

To determine whether suppression of IL-30 expression in PC cells,
which have already spread throughout the bloodstream, could affect
their survival in the circulation, or their extravasation and coloniza-
tion to the lung, starting 3 days after i.v. inoculation, when single
or minimal clusters of PSCA+IL30+PC cells were trapped in the pul-
monary capillaries (Figure 2Aa,b), mice underwent biweekly admin-
istrations of IL-30 gene-targeting immunoliposomes (250 mL dose,
with a 20 mg/mL lipid concentration, and loaded with 50 mg/mL of
Cas9) according to a schedule of five or three, treatments, as shown
in Figure 2L. Intravenously administered immunoliposomes were
efficiently taken up by single or small clusters of cancer cells trapped
into the lung capillaries, as shown by TEM (Figures 2F–2H).

To compare the effects on the metastatic process of the immunolipo-
some-based delivery of CRISPR-Cas9gRNA-hIL30 complex versus
classic IL-30 gene editing in PC cells, which generated IL30KO-
DU145 and IL30KO-PC3 cells, in addition to three groups of NSG
(NOD scid gamma) mice i.v. inoculated with wild-type DU145 or
PC3 cells, and then treated with Cas9hIL30-PSCA NPs, empty-
hPSCA NPs, or PBS; two groups of NSG mice inoculated with
IL30KO-DU145 or IL30KO-PC3 cells and then treated with PBS
were also included in this study.
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Twenty days after cancer cell inoculation, i.e., 48 h after the last treat-
ment, animals were euthanized, and autopsy and histopathological
examinations of the lungs and other organs (liver, kidneys, spleen,
prostate, heart) were performed.

Administration of the five-treatment schedule of Cas9hIL30-PSCA
NP in mice bearing pulmonary microemboli of wild-type DU145 or
PC3 cells led to a consistent reduction in the number of pulmonary
micrometastases compared with the treatment with empty-PSCA
NPs or PBS (Figures 2M and 2N). The results were confirmed even
with the shorter schedule of three treatments (Figure S5), which indi-
cates rapid-acting therapeutic efficacy.

Notably, the reduction of metastases was comparable with that ob-
tained, in the same time frame, in mice that were inoculated with
IL30KO-DU145 or IL30KO-PC3 cells versus mice receiving wild-
type control cells (Figures 2M and 2N).

Immunopathological analyses revealed that lung micrometastasis
from Cas9hIL30-PSCA NP-treated mice lacked IL-30 expression
and had reduced proliferative activity compared with metastasis
from control mice (Figure 3A; Table 1). Remarkably, the immunoli-
posome-mediated regulation of metastasis driver genes observed
in vitro in PC cells, was largely confirmed in vivo by the immunohis-
tochemical staining of tumor micrometastasis from animals undergo-
ing IL-30-targeting treatment, showing a substantial downmodula-
tion of CXCR2, CXCR4, IGF1, METAP-2, MMP2, VEGF-A, and
TNFSF10/TRAIL, whereas expression of CDH1/E-Cadh was upregu-
lated (Figures 3A and S6).

The absence of histologically evident alterations in the organs of
treated animals compared with controls (Figure 3B), together with
the lack of significant increases in the level of biomarkers of inflam-
mation or organ damage, as assessed by hematological analyses
(Table S3), confirmed that in vivo the immunoliposomes showed
no obvious toxicity.
Figure 3. Immunopathology of lung metastases treated with immunoliposomes

(A) Lung metastasis, developed after i.v. inoculation of DU145 cells, from empty-hPSCA

of CXCR4 (c), IGF1 (d), METAP-2 (e), and weak CDH1 expression (f). By contrast, th

expression (g) and show a low cancer cell proliferation (h) and a weak expression of CXC

Immunopathological features of lungs from mice injected with wild-type DU145 cells and

mice. Results from mice bearing lung metastasis developed after i.v. inoculation of PC

developed after i.v. inoculation of DU145 cells. Magnification:�400. Scale bars, 40 mm.

microemboli in their lungs, and then treated with Cas9hIL30-PSCA NPs (a–e), are free of

that of organs of NSG mice treated with empty-hPSCA NPs (f–j). Similar results were

Histologic features of the organs of immunoliposome-treated and control NSGmice bea

mice bearing DU145 tumor microemboli. Magnification: �400. Scale bars, 40 mm. (C)

spheroid co-culture of PC and endothelial cells, (b) interconnected, via microfluidic chan

and endothelial cells, to mimic the lung, or a ceramic scaffold, comprising BM-derived M

flow, adjusted by a control unit (c), ensured the dynamic circulation, between the two com

containing GFP-labeled DU145 cells treated with PBS or with RhB-labeled Cas9hIL30-P

cells. DAPI, DNA-stained nuclei. Magnification: �200. Scale bars, 60 mm. (E–G) Ultras

untreated (E) or treated with Cas9hIL30-PSCA NPs (F and G), demonstrating that immu

(G) cells. N, nuclei; PM, plasma membrane.
IL30 gene-targeting immunoliposomes hinder PC cell

colonization to the lungs and downregulate CXCL2/GROb

release in a biomimetic PC-lung on a chip platform

The relationship between PC and endothelial cells (ECs) is essential
in regulating cancer cell extravasation and colonization to the second-
ary sites,43 and IL-30 has been demonstrated to be deeply involved in
the PC-EC crosstalk.16 Therefore, the mechanisms underlying the
antimetastatic effects of immunoliposome-mediated delivery of
Cas9gRNA-hIL30 to disseminated PC cells was further investigated
by using a microfluidic bioreactor, HUMIMIC Chip2 (TissUse, Ber-
lin, Germany) (Figure 3Ca), which housed in one compartment the
3D spheroid co-culture of PC cells and endothelium, arranged in mi-
crovessel networks (compartment A, Figure 3Cb), interconnected via
microfluidic channels to a second compartment containing the 3D
spheroid co-culture of microvascular network and pneumocytes
with type-I-like properties (expression of caveolin-1, absence of sur-
factant protein C) arranged into alveolar-like structures to mimic the
lung (compartment B, Figure 3Cb). Micropumps, generating a pulsa-
tile flow, adjusted by a control unit (Figure 3Cc) ensured the dynamic
circulation of the culture medium between the two compartments,
and allowed cell migration events to be investigated in a biomimetic
condition.

Treatments with IL-30-targeting immunoliposomes were applied to
the circulating culture medium according to the same timeline of
the five-treatment schedule used in vivo.

LSC microscopy and TEM images confirmed that the immunolipo-
somes penetrated PC-EC spheroids and were efficiently taken up by
PC cells (Figures 3D–3G).

LSCmicroscopy and automated image analyses revealed that the five-
treatment schedule led to a consistent reduction in the number of PC
cells that colonized lung spheroids (ANOVA, p < 0.01) compared
with controls (Figures 4A and 4Ba,b), as confirmed by flow cytometry
analyses (Figure 4Bc, d). Moreover, the viability of both PC cells and
and assessment of the treatment in biomimetic PC-lung or PC-BM 2-OCs

NP-treated mice express IL-30 (a) show a robust proliferation (b), strong expression

e few metastases developed in Cas9hIL30-PSCA NP-treated animals lack IL-30

R4 (i), IGF1 (j), and METAP-2 (k), while the expression of CDH1 was strengthened (l).

treated with PBS were comparable with those of lungs from empty-hPSCA-treated

3 cells were comparable with those obtained from mice bearing lung metastasis

(B) The prostate, liver, kidneys, spleen, and heart of NSGmice bearing DU145 tumor

signs of tissue or cell damage, and their histologic features are fully comparable with

obtained from the histopathological analyses of the organs of PBS-treated mice.

ring PC3 lung tumor microemboli were comparable with those of treated and control

Microfluidic bioreactor, HUMIMIC Chip2 (a), which housed in one compartment the

nels, to a second compartment containing 3D spheroid co-culture of pneumocytes

SCs and CD34+ MSCs, to mimic the BM niche. Micropumps, generating a pulsatile

partments of the culture medium. (D) Confocal microscopy of 3D PC-EC spheroids

SCA NPs, showing the progressive uptake of red-labeled NPs by green-labeled PC

tructural images of 3D (DU145 cell containing) spheroids from the 2-OC platform

noliposomes (arrows) are efficiently taken up and internalized by DU145 (F) or PC3
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Table 1. Quantitation of PC cell proliferation, and of granulocytes and myeloid-derived cells infiltrating lung metastases

Marker (%) PBS Empty-PSCA NPs Cas9hIL30-PSCA NPs IL30KO ANOVA p valuec

DU145

Ki67a 77.6 ± 7.5 78.0 ± 8.2 56.0 ± 7.2d 52.2 ± 6.4d <0.001

Ly6Gb 17.5 ± 5.5 18.1 ± 4.7 6.4 ± 2.9d 5.2 ± 2.4d <0.001

Gr-1/CD11bb 20.0 ± 5.8 22.5 ± 6.2 7.0 ± 3.2d 5.7 ± 2.0d <0.001

PC3

Ki67a 86.5 ± 7.6 88.0 ± 7.3 64.0 ± 6.8d 60.3 ± 6.2d <0.001

Ly6Gb 18.3 ± 6.0 20.0 ± 5.2 9.0 ± 3.3d 7.4 ± 2.3d <0.001

Gr-1/CD11bb 21.0 ± 5.5 24.1 ± 6.0 8.2 ± 2.6d 6.5 ± 2.7d <0.001

Gr-1+/CD11b+ cells, myeloid-derived cells; Ki67, cell proliferation marker; Ly6G+ cells, granulocytes.
aProliferation index was assessed by light microscopy at �400 in an 85,431.59 mm2

field with Qwin image analysis software (version 2.7). Results are expressed as mean percentage of
Ki67-positive cells/number of total cells.
bResults are expressed as the mean percentage of area covered by Ly6G+ or Gr-1+/CD11b+ cells/total neoplastic area.
cOne-way ANOVA for comparisons between all groups.
dp < 0.01 Tukey’s HSD test compared cells treated with PBS or empty-hPSCA NPs.

Molecular Therapy
ECs forming the tumor spheroids was substantially inhibited
(Figures 4C–4F), whereas apoptotic events were unchanged, as
demonstrated by Ki67 and annexin V staining (Figure S7), respec-
tively, followed by flow cytometric analyses. Analysis of the culture
supernatant, by the LegendPlex MultiAnalyte Flow Assay Kit Human
Proinflammatory Chemokines, to assess whether IL-30 inhibition in
PC cells affected the release of inflammatory mediators functional to
metastatization, revealed a consistent reduction in the content of the
neutrophil- and myeloid-derived cell chemoattractant CXCL2/
GROb44 in both DU145 and PC3 spheroids in the 2-OC platforms,
starting after the third administration of IL-30-targeting immunoli-
posomes (Figures 4G–4H). ELISA assay of the supernatant of the sin-
gle cellular components of the PC-lung on a chip platform, in static
culture conditions, determined their production of CXCL2 and,
more importantly, established that treatment with Cas9hIL30-PSCA
NPs inhibited CXCL2 production and release in both PC cell lines,
while the production by endothelia and pneumocytes was essentially
unchanged (Figure 4I).

Interestingly, immunohistochemistry revealed that lung metastases
from the treated mice had low to absent CXCL2 expression and
lacked the Ly6G+ granulocyte and Gr-1+/CD11b+ MDC (Table 1)
infiltrate, which was detectable in the metastases of animals treated
with empty-hPSCA NPs or PBS (Figure 4J).

IL30 gene-targeting immunoliposomes hinder PC cell

colonization to the BM and downregulate cancer cell release of

OPG, DKK1, and IL-6 in a biomimetic PC-BM on a chip platform

Bones are the most common site of PC metastasis, occurring in 85%–
90% of patients with metastatic disease.45 Therefore, assessment of
whether IL-30-targeting nanotherapymight interfere with the process
of bone metastasis is relevant. This issue was addressed by using
3D spheroids containing DU145 or PC3 cells and endothelial net-
works, which were interconnected by a common pulsatile flow with
a (hydroxyapatite-coated zirconium oxide) 3D ceramic scaffold,
comprising BM-derived mesenchymal stem cells (MSCs) (CD105+,
CD166+, CD44+, CD90+, and CD73+) and CD34+ multipotent he-
matopoietic stem and progenitor cells, which overall mimics the
3940 Molecular Therapy Vol. 32 No 11 November 2024
BM niche. The timeline of the five-administration schedule of
Cas9hIL30-PSCA NPs was applied to the circulating culture medium
and PC cell spread within the ceramic cavities of the BM-like niche
was assessed 48 h after the last treatment. LSC microscopy and
computerized image analysis, together with flow cytometry data,
demonstrated that colonization of the BM scaffold by both DU145
and PC3 cells was consistently reduced by treatment with IL-30-tar-
geting immunoliposomes compared with treatment with empty-
hPSCA NPs or PBS (Figures 5A–5C). Moreover, as observed in the
PC-lung on a chip platform, the viability of both PC cells and ECs pre-
sent in the tumor spheroids was reduced since Ki67+ stained cells
decreased (Figures 5D–5G), although apoptosis was unchanged,
and assessment of pro-inflammatory chemokines in the common cul-
ture supernatant confirmed the consistent downregulation of
CXCL2/GROb after the third and fifth immunoliposome treatment
(Figures 5H and 5I). Analysis with the LegendPlex MultiAnalyte
Flow Assay of Human BoneMetabolism regulating factors, of the cul-
ture supernatant of PC-BM on a chip, revealed that the IL-30-target-
ing treatment determined a substantial reduction in the content of
DKK1, OPG, and IL-6, important regulators of oncogenesis and
metastasis in the bone tissue microenvironment,46–49 albeit to a
different extent between the PC3- and DU145-containing platforms,
starting from the third administration of IL-30-targeting immunoli-
posomes (Figures 5J–5O). ELISA assays of the supernatant of the
individual cellular components of the PC-BM on a chip platform es-
tablished that treatment with Cas9hIL30-PSCA NPs substantially
reduced the release of CXCL2, DKK1, OPG, and IL-6 by both
DU145 and PC3 cells, while the production of all these mediators
by ECs, MSCs, or HSCs, was unaltered (Figures 5P–5R).

DKK1, OPG, and IL-6 promote invasiveness and EMT in PC cells

and stimulate EC activation and vascular network formation

Inhibition of the release, from PC cells, of regulators of bone meta-
bolism following treatment with IL-30-targeting immunoliposomes,
prompted us to investigate their involvement in the metastatic poten-
tial of PC cells. Treatment of both DU145 and PC3 cells with recom-
binant (r) DKK1, rOPG, or rIL6 revealed a significant proliferative
response, which was also observed in ECs (Figures 6A–6C), hinting
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Molecular Therapy
at their role in promoting PC growth, as well as angiogenesis.50–53

Furthermore, treatment with rDKK1, rOPG, and rIL6 substantially
(Student’s t-test, p < 0.05) increased the invasion and migration abil-
ity of both PC cell lines (Figures 6D–6F) and, accordingly, all three
mediators fostered PC cell expression of the major EMT transition
genes, as assessed by transcriptional analyses.

Treatment with rDKK1 upregulated the expression of AKT1, ITGB1,
BMP7, NOTCH1, SNAI1, SNAI2, TGFB1, TWIST2, and VIM1, while
it downregulated WNT11A in both DU145 cells and PC3 cells (Fig-
ure 6G). Recombinant OPG increased the expression of BMP7 and
NOTCH1 in both PC cell lines (Figure 6H), while treatment with
rIL6, also upregulated the expression of SNAI1 and SNAI2 (Figure 6I).

Interestingly, the EC gene expression profile was also remodeled to-
ward an activated and proangiogenic phenotype following stimula-
tion with the second-level mediators of IL-30, since treatment
with rDKK1 upregulated VEGFR1, MMP14, ACKR3, and CCR2.
Treatment with rOPG upregulated EC expression of ANG,
PDGFA, ACKR3, andDLL4, whereas treatment with rIL6 upregulated
MMP9, CCR2, and JAG1. All three second-level mediators of IL-30
upregulated the expression of CCL2, FGF1, FGF2, and ACKR1/
DARC, while they downregulated the expression of TGFB1 and
CXCR4 (Figures 6J–6L).

Next, we wondered whether the three IL-30-inducible mediators
could also regulate EC assembly into 3D vascular networks. To
Figure 4. Confocal microscopy and cytofluorimetric analyses of PC spheroids

immunoliposome treatments

(A) Confocal microscopy images of 3D lung spheroids containing red-labeled (LuminiC

540) PC cells (DU145), taken from the PC lung on a chip platform, show a consistent red

doses of immunoliposomes (a) compared with controls (b). Magnification:�200. Scale b

(b and d) cells colonizing the lung spheroids in the 2-OC platform after 5 doses of immun

cytometry analyses (c and d). The automated quantization of the number of DU145 (a) or

Germany; RRID: SCR_015963) that colonized the lung spheroids were performed using

two optical sections per well were evaluated. Results are expressed as mean ± SD of GF

test versus spheroids treated with PBS or empty-hPSCA NPs. (b) PC3 cells, ANOVA: p

hPSCA NPs. (c) Flow cytometry assessment of DU145 cells colonizing lung spheroid

empty-hPSCA NPs. (d) Flow cytometry assessment of PC3 cells colonizing lung sphe

or empty-hPSCA NPs. (C) Cytofluorimetric images of Ki67+ DU145 cells (a) and Ki67+ H

five doses of immunoliposomes. Blue areas, isotype controls; red areas, specific Abs. T

Ki67+ PC3 cells (a) and Ki67+ HUVECs (b) forming tumor spheroids in the PC lung on a ch

red areas, specific Abs. The image is representative of a triplicate experiment. (E) Flow c

spheroids of PC lung on a chip treated with five doses of immunoliposomes. MFI ratios w

isotype control. (a) DU145 cells, ANOVA: p = 0.0044. *p < 0.05, Tukey HSD test versus s

*p < 0.01, Tukey HSD test versus spheroids treated with PBS or empty-hPSCA NPs. (F)

PC spheroids of PC lung on a chip treated with five doses of immunoliposomes. MFI rat

negative/isotype control. (a) PC3 cells, ANOVA: p = 0.0005. *p < 0.01, Tukey HSD test v

0.0046. *p < 0.05, Tukey HSD test versus spheroids treated with PBS or empty-hPSCAN

PC spheroid lung on a chip containing DU145 (G) or PC3 (H) cells using LEGENDplex flo

compared with PBS and empty-hPSCA-NP. #p < 0.01, Tukey HSD test compared with

beginning of the experiment. T3, day 10 of the experiment, i.e., after the third treatment w

NPs. (I) ELISA assay of GRO-b release by DU145 and PC3 cells, alveolar cell type I ce

Cas9hIL30-PSCA. ANOVA: p < 0.001. *p < 0.01, Tukey HSD test compared with PB

chemical features of DU145 lung metastasis after the treatment with the five-dose sche

and reduction of Ly6G+ granulocyte and Gr-1+/CD11b+ myeloid cell infiltrates when com
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address this issue, EC tube formation assay was performed by
treating the ECs, seeded onto Matrigel, with rDKK1, rOPG, or rIL6
(50 ng/mL) for 18 h. Quantification of tube network formation, per-
formed with the angiogenesis analyzer plug-in from the ImageJ soft-
ware, demonstrated that treatment with rDKK1, rOPG, and rIL6
leads to a significant (ANOVA: p < 0.0001) increase in the number
of tubes, meshes, junctions, and nodes per field (Figures 6M–6P),
which overall indicate an implementation of the microvessel network
induced by tumor-derivedmediators that are suppressed by IL-30 tar-
geting (Figure 6Q).

Finally, to determine the impact of second-level mediators in the pro-
cess of BM colonization by PC cells, we repeated the metastasis exper-
iment in the PC-BM 2-OC platforms containing DU145 or PC3 cells
in the presence of neutralizing anti-DKK1, anti-OPG, and anti-IL6
Abs. Administration of neutralizing Abs, starting 48 h from the
experimental setup, as described in the materials and methods, signif-
icantly inhibited, but did not abrogate, the colonization of the BM
scaffold by both DU145 and PC3 cells (Figures 6R–6T), which sub-
stantiated the implication of DKK1, OPG, and IL-6, whose PC cell
release is suppressed by IL-30-targeting NPs in IL-30-driven PC
progression.

DISCUSSION
Bone and lung metastases are the leading cause of death in patients
with PC since effective therapy is still lacking. The development of
new strategies for the treatment or prevention of cancer cell spread
and PC cell migration into lung spheroids from the 2-OC, after

ell Tracker 670) pneumocytes and metastasizing green-labeled (LuminiCell Tracker

uction in the number of PC cells colonizing the lung spheroids after treatment with 5

ars, 60 mm. (B) Histograms representing the quantization of DU145 (a and c) and PC3

oliposome treatment, as assessed by LSCmicroscopy images (a and b) and by flow

PC3 (b) cells (visualized with the LSM 800 confocal microscope, Zeiss, Oberkochen,

Zen software (Zeiss). Four to six high-power fields were analyzed for each well and

P-labeled cells per field. (a) DU145 cells, ANOVA: p < 0.0022. *p < 0.01, Tukey HSD

= 0.0051. *p < 0.05, Tukey HSD test versus spheroids treated with PBS or empty-

s. ANOVA: p = 0.0022. *p < 0.01, Tukey HSD test versus treatment with PBS or

roids. ANOVA: p = 0.0064. *p < 0.05, Tukey HSD test versus treatment with PBS

UVECs (b) forming tumor spheroids in the PC lung on a chip after the treatment with

he image is representative of a triplicate experiment. (D) Cytofluorimetric images of

ip after treatment with five doses of immunoliposomes. Blue areas, isotype controls;

ytometric analyses of Ki67+ DU145 cells (a) and Ki67+ HUVECs (b) isolated from PC

ere calculated by dividing the MFI of Ki67+ cell population by the MFI of the negative/

pheroids treated with PBS or empty-hPSCA NPs. (b) HUVECs, ANOVA: p = 0.0018.

Flow cytometric analyses of Ki67+ PC3 cells (a) and Ki67+ HUVECs (b) isolated from

ios were calculated by dividing the MFI of the Ki67+ cell population by the MFI of the

ersus spheroids treated with PBS or empty-hPSCA NPs. (b) HUVECs, ANOVA: p =

Ps. (G and H) Quantification of CXCL2/GRO-b in the supernatant collected from the

w cytometry-based immunoassay. ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test

PBS and empty-hPSCA-NP. xp < 0.01, Tukey HSD test compared with T0. T0, the

ith NPs. T5, day 20 and final day of the experiment, i.e., after the fifth treatment with

lls, HUVECs, MSCs, and CD34+ cells, after treatment with PBS, empty-hPSCA, or

S and empty-hPSCA. Experiments were performed in triplicate. (J) Immunohisto-

dule of immunoliposomes showing a distinct downmodulation of CXCL2 expression

pared with metastasis from control mice. Magnification: �400. Scale bars, 40 mm.
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and colonization to secondary organs represents one of the key chal-
lenges in oncology.54 Understanding the cellular and molecular
mechanisms driving disease progression will yield the necessary in-
formation to address this issue.55 IL-30 has recently emerged as a
PC driver gene that acts as an autocrine growth factor in both
stem and non-stem cancer cells and as an upstream regulator of PC
progression programs,10–12 whereas in a paracrine way it reshapes
the tumor microenvironment (TME) by promoting myeloid-derived
immune cell recruitment and EC activation and angiogenetic
reprogramming.14–16

Here, we demonstrate the antimetastatic efficacy of CRISPR-Cas9
targeting of the IL30 gene,15 delivered by submicron liposomes to
PC cells and tumor microemboli trapped within the lung micro-
Figure 5. Confocal microscopy and cytofluorimetric analyses of PC spheroids

immunoliposome treatment

(A) Confocal microscopy image of the penetration of Cas9hIL30-PSCA RhB-labeled imm

the PC-BM 2-OC platform. Similar images were obtained from confocal analysis of spher

nuclei. (d) Merge images showing, in yellow, the NP uptake by PC cells. Magnification: �
with red-stained MSCs, and colonized by green-stained DU145 cells, migrated from

Empty-PSCA NPs. Similar images were obtained from confocal analysis of spheroids c

Magnification: �400. Scale bars, 40 mm. (C) Histograms representing the quantization o

2-OC platform after 5 treatments with immunoliposomes, as assessed by LSC micros

quantization of the number of DU145 (a) or PC3 (b) cells (visualized with the LSM800 con

BM scaffolds were performed using Zen software (Zeiss). Four to six high-power fields w

are expressed as mean ± SD of GFP-labeled cells per field. (a) DU145 cells, ANOVA: p

hPSCANPs. (b) PC3 cells, ANOVA: p < 0.001. *p < 0.01, Tukey HSD test versus spheroi

cells colonizing the BM scaffold. ANOVA: p < 0.001. *p < 0.01, Tukey HSD test versus tre

colonizing the BM scaffold. ANOVA: p = 0.001. *p < 0.01, Tukey HSD test versus treatme

(a) and Ki67+ HUVECs (b) forming tumor spheroids in the PC-BM on a chip, after the trea

specific Abs. The image is representative of a triplicate experiment. (E) Cytofluorimetric

PC-BM on a chip, after the treatment with five doses of immunoliposomes. Blue areas,

experiment. (F) Flow cytometric analyses of Ki67+ DU145 cells and Ki67+ HUVECs is

munoliposomes. MFI ratios were calculated by dividing the MFI of Ki67+ cell populat

*p < 0.05, Tukey HSD test versus spheroids treated with PBS or empty-hPSCA NPs. HU

PBS or empty-hPSCA NPs. (G) Flow cytometric analyses of Ki67+ PC3 cells and Ki67+ H

immunoliposomes. MFI ratios were calculated by dividing the MFI of the Ki67+ cell pop

*p < 0.01, Tukey HSD test versus spheroids treated with PBS or empty-hPSCA NPs. HU

PBS or empty-hPSCA NPs. (H and I) Quantification of CXCL2/GROb, in the supern

LEGENDplex flow cytometry-based immunoassay. (H) ANOVA: p < 0.001. *p < 0.01, T

compared with PBS and empty-hPSCA. xp < 0.01, Tukey HSD test compared with T0

hPSCA. #p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA. xp < 0.01, T

collected from PC-BM 2-OC, containing DU145 (J) or PC3 (K) cells, using LEGENDplex fl

compared with PBS and empty-hPSCA-NPs. xp < 0.01, Tukey HSD test compared w

empty-hPSCA-NPs. #p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA

in the supernatant collected from PC-BM 2-OC, containing DU145 (L) or PC3 (M) cells

*p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA-NPs. #p < 0.01, Tuke

compared with T0. (M) ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test compared with

empty-hPSCA-NPs. xp < 0.01, Tukey HSD test compared with T0. (N and O) Quantificat

PC3 (O) cells, using LEGENDplex flow cytometry-based immunoassay. (N) ANOVA: p <

#p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA-NPs. xp < 0.01, Tu

compared with PBS and empty-hPSCA-NPs. xp < 0.01, Tukey HSD test compared with

CD34+ cells, after treatment with PBS, empty-hPSCA or Cas9hIL30-PSCA. ANOVA: p

periments were performed in triplicate. (Q) ELISA assay of OPG release by DU145 and PC

or Cas9hIL30-PSCA. ANOVA: p < 0.001. *p < 0.01, Tukey HSD test compared with PBS

truncated at 25 pg/mL to improve readability. Experiments were performed in triplicate. (R

cells after treatment with PBS, empty-hPSCA, or Cas9hIL30-PSCA. ANOVA: p < 0.001

were performed in triplicate.
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vascular network. These nanovectors, which are suitable for
large-scale production with high-throughput microfluidic technol-
ogy,56 were functionalized with Abs that, through binding to sur-
face tumor antigens, favored NP uptake and internalization in PC
cells. Expression of PSCA, which involves most PCs, and is posi-
tively related to androgen independence and metastatic disease,57

is absent in the majority of normal tissues and barely detected
by single-cell RNA-seq in the prostatic, salivary, respiratory, and
gastrointestinal epithelium,58 where IL-30 expression is missing.59

Therefore, potential on-target toxicities of Cas9hIL30-PSCA NPs
in humans are reduced, while their significant editing efficiency,
which ranges from 45% to 61% in the lung metastasis of the
NP-treated animals, highlights the effectiveness of this nanothera-
peutic strategy.
and PC cell colonization of the BM scaffolds in the 2-OC after

unoliposomes (a) into GFP-labeled DU145 cells (b) forming the spheroid taken from

oids containing PC3 cells and treated with immunoliposomes. (c) DAPI, DNA-stained

400. Scale bars, 40 mm. (B) Confocal microscopy image of the BM scaffold coated

the spheroids contained in the 2-OC, and treated with Cas9hIL30-hPSCA NPs or

ontaining PC3 cells and treated with immunoliposomes. DAPI, DNA-stained nuclei.

f DU145 (a and c) and PC3 (b and d) cells, which colonized the BM scaffolds in the

copy images (a and b) and by flow cytometry analyses (c and d). The automated

focal microscope, Zeiss, Oberkochen, Germany; RRID: SCR_015963) that colonized

ere analyzed for each well and two optical sections per well were evaluated. Results

< 0.001. *p < 0.01, Tukey HSD test versus spheroids treated with PBS or empty-

ds treated with PBS or empty-hPSCANPs. (c) Flow cytometry assessment of DU145

atment with PBS or empty-hPSCANPs. (d) Flow cytometry assessment of PC3 cells

nt with PBS or empty-hPSCANPs. (D) Cytofluorimetric images of Ki67+ DU145 cells

tment with five doses of immunoliposomes. Blue areas, isotype controls; red areas,

images of Ki67+ PC3 cells (a) and Ki67+ HUVECs (b) forming tumor spheroids in the

isotype controls; red areas, specific Abs. The image is representative of a triplicate

olated from PC spheroids of PC-BM on a chip treated with the five doses of im-

ion by the MFI of the negative/isotype control. DU145 cells, ANOVA: p = 0.0044.

VECs, ANOVA: p = 0.0018. *p < 0.01, Tukey HSD test versus spheroids treated with

UVECs , isolated from PC spheroids of PC-BM on a chip, treated with five doses of

ulation by the MFI of the negative/isotype control. PC3 cells, ANOVA: p = 0.0005.

VECs, ANOVA: p = 0.0046. *p < 0.05, Tukey HSD test versus spheroids treated with

atant collected from PC-BM 2-OC, containing DU145 (H) or PC3 (I) cells, using

ukey HSD test compared with PBS and empty-hPSCA. #p < 0.01, Tukey HSD test

. (I) ANOVA: p < 0.001. *p < 0.01, Tukey HSD test compared with PBS and empty-

ukey HSD test compared with T0. (J and K) Quantification of DKK1 in the supernatant

ow cytometry-based immunoassay. (J) ANOVA: p < 0.01. *p < 0.01, Tukey HSD test

ith T0. (K) ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test compared with PBS and

-NPs. xp < 0.01, Tukey HSD test compared with T0. (L andM) Quantification of OPG,

using LEGENDplex flow cytometry-based immunoassay. (L) ANOVA: p < 0.0001.

y HSD test compared with PBS and empty-hPSCA-NPs. xp < 0.01, Tukey HSD test

PBS and empty-hPSCA-NPs. #p < 0.01, Tukey HSD test compared with PBS and

ion of IL-6, in the supernatant collected from PC-BM 2-OC, containing DU145 (N) or

0.0001. *p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA-NPs.

key HSD test compared with T0. (O) ANOVA: p < 0.01. *p < 0.01, Tukey HSD test

T0. (P) ELISA assay of DKK1 release by DU145 and PC3 cells, HUVECs, MSCs, and

< 0.001. *p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA. Ex-

3 cells, HUVECs, MSCs, and CD34+ cells after treatment with PBS, empty-hPSCA,

and empty-hPSCA. The columns corresponding to OPG production by MSCs were

) ELISA assay of IL-6 release by DU145 and PC3 cells, HUVECs, MSCs, and CD34+

. *p < 0.01, Tukey HSD test compared with PBS and empty-hPSCA. Experiments
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Although the percentage of cells successfully edited by CRISPR-
Cas9gRNA can vary widely based on several factors, including cell cy-
cle phase,60 the genetic modifications introduced are permanent and
passed on to daughter cells during cell division leading to long-lasting
genetic changes. However, to keep unedited clones under control,
repeating treatment cycles are needed to ensure long-lasting thera-
peutic effects.61

Both treatment schedules of five and even three administrations
of NPs, starting from the onset of tumor microemboli in the pulmo-
nary capillaries, substantially hindered metastasis development, as
observed in untreated mice bearing tumor pulmonary microemboli
of IL30KO-PC cells that have been generated by direct CRISPR-
Cas9-mediated gene deletion.15 The safety of the proposed IL-30
gene-targeting nanoplatform is demonstrated by the absence of histo-
logical and ultrastructural signs of damage in association with the
absence of alteration in blood levels of organ damage biomarkers.
The absence of evident inflammatory responses, as assessed by testing
immunoliposomes in fully immunocompetent animals, suggests the
lack of immunogenicity of the treatment, which is essential for its
eligibility for the clinical setting.62

The antimetastatic effects of the nanotherapy result from: (1) the direct
action of IL-30 genomic editing inPCcells, which leads to the inhibition
of their proliferation and to a crackdown of their metastasis gene
expression program, highlighted by the upregulation of CDH128 and
downregulation of invasion and migration driver genes, such as
CXCR2,30 CXCR4,28 IGF1,31,32 METAP2,33 MMP2,34,35 L1CAM,36

and TNFSF10/TRAIL,37 and (2) the abrogation of IL-30-dependent
Figure 6. Effects of the second-level mediators suppressed in PC cells by IL-30

endothelial cells

(A–C) MTT assay of DU145, or PC3, and ECs (HUVECs) treated with (50 ng/mL – 48 h) r

(CTRL) cells. (D–F) Migration and invasion assays of DU145 and PC3 cells in response

Student’s t-test versus untreated control (CTRL) cells. (G–I) Fold differences of the mRNA

or PC3 (green bars), cells untreated or treated with (50 ng/mL) rhDKK1(G), rhOPG (H), or

to p < 0.001. Only genes with a fold change >2 are shown. Experiments were performed

proliferation, and sprouting between ECs untreated or treated with (50 ng/mL) rDKK1 (J

corresponded to p < 0.001. Only genes with a fold change >2 are shown. Experimen

HUVECs cultured on Matrigel-coated slides and stimulated with rhDKK1, rhIL6, rhOPG

ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test compared with untreated cells (PBS). Ex
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formed by HUVECs, cultured on Matrigel-coated slides, and stimulated with rhDKK1, rh
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formed by HUVECs cultured on Matrigel-coated slides and stimulated with rhDKK1, rhIL

field (4�). ANOVA: p < 0.0001. *p < 0.01, Tukey HSD test compared with untreated ce

capabilities of HUVECs untreated (a–c) and treated with rDKK1 (d–f), rOPG (g–i), and rIL6

as described in the materials and methods. Magnification:�4. Scale bars, 100 mm. (R) F

treatment of spheroids contained in the PC-BM 2-OC platform with anti-DKK1-neutralizi

PBS or empty-hPSCANPs. **p < 0.01, Tukey HSD test versus spheroids treated with PB

DU145 cells colonizing the bone marrow scaffold after treatment of spheroids containe

*p < 0.01, Tukey HSD test versus spheroids treated with PBS or empty-hPSCA NPs. **p

Cas9hIL30-PSCA-NPs. (T) Flow cytometry assessment of DU145 cells colonizing the

platform with anti-IL-6-neutralizing Abs. ANOVA: p = 0.001. *p < 0.01, Tukey HSD t

HSD test versus spheroids treated with PBS, empty-hPSCA NPs, or Cas9hIL30-PSCA
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downstream soluble mediators of PC progression and EC activation
and proliferation, such as CXCL2/GROb,43 DKK1,46,47 OPG,48,52 and
IL-6,49,53 whose involvement emerged with the use of PC-Lung and
PC-BM 2-OC platforms and from the assessment, in the 2-OC culture
supernatant, of chemokines and BM metabolism regulating factors.

While in vivo xenograft models of experimental metastasis allow for
experimentation with patient-derived cancer cell lines, they have the
limitation of lacking cell-mediated immunity. The involvement of
innate immune cells in IL-30-driven PC progression, which was
possible to explore in this model, is strongly suggested by the reduc-
tion of the intra-metastatic influx of granulocytes and MDCs
following IL-30-targeting nanotherapy, and associated inhibition of
PC cell expression of CXCL2/GROb, a powerful chemoattractant
for these immune cells,44 which could enable tumor invasiveness
through a variety of mechanisms.63

Second-level mediators, DKK1, OPG, and IL-6, whose tumor release is
regulatedby IL-30, demonstrate a crucial role in strengthening themet-
astatic phenotype of PC cells by promoting their EMT and migratory
ability, but also by reshaping the transcriptional profile of the ECs,
andfinally by fostering vascular branching and angiogenesis.64 The sig-
nificant reduction of the antimetastatic efficacy of IL-30-targeting
nanotherapy, due to anti-DKK1, OPG, and IL-6 Abs included in PC-
BM 2-OC platform, confirms the deep implication of DKK1, OPG,
and IL-6 in the dynamics of the IL-30-driven PC metastatic process.

Before IL-30-targeting nanotherapy can be a candidate for clinical
trials, important steps must be taken. It is essential to develop a
targeting with immunoliposomes on the viability and phenotype of PC and

hDKK1 (A), rhOPG (B), rhIL6 (C). *p < 0.05, Student’s t test versus untreated control

to stimulation with (50 ng/mL – 48 h) of rDKK1 (D), rOPG (E), or rIL6 (F). *p < 0.05,
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), rOPG (K), or rIL6 (L). A significant threshold of a 2-fold change in gene expression
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standardized and low-cost patient selection protocol to quickly deter-
mine tumor expression levels of IL-30 and identify subjects eligible for
treatment. It would be of clinical significance to test the efficacy of
treatment in patient-derived 3D organoid cultures containing the
PC immune cell background,65 which would help in selecting patients
who may benefit from the treatment. Overcoming the immunosup-
pression orchestrated by MDCs in the PC microenvironment66 by
using the IL-30-targeting nanoplatform could implement the poor
effects thus far obtained with immunotherapy in the treatment of
advanced disease.67,68 Testing a combined treatment, tailored on
the immunological profile of the patient’s tumor, will be the next
step to work on.

Nanoparticle-based delivery has several advantages, including the
ability to load and protect a variety of drugs to control drug release,
to improve drug pharmacokinetics and biodistribution, and site- or
cell-specific targeting. CRISPR-Cas9 is themost developed and widely
used tool for current genome editing strategies69 since it is highly spe-
cific, efficient, and versatile,70 and it has already entered clinical trials
for the treatment of different human diseases, including cancer.71

Therefore, the development of a biocompatible immunoliposome-
based delivery system for selective CRISPR-Cas9 genome editing of
the IL-30 gene in disseminated PC cells and micrometastasis can pro-
vide a modern and patient-tailored weapon against PC progression
and metastatic spread.

MATERIALS AND METHODS
Cell lines

(1) Human PC cell lines derived from the metastases of high-grade
PCs, DU145 cells, endowed with a CK8/14+AR+PSA+ pheno-
type15,23 and castration-resistant PC3 cells, endowed with a
CD44+AR�PSA–CgA+NSE+ neuroendocrine phenotype,24 were
purchased from the American Type Culture Collection (ATCC)
(Manassas, VA). DU145 cell line was cultured in RPM1 1640
(no. 15-040-CV, Corning, Manassas, VA) with 10% FCS (Se-
romed, Biochrom KG, Berlin, Germany). PC3 cell line was
cultured in F12 Ham’s (no. 10-080-CV, Corning) with 10%
FCS (Seromed, Biochrom KG).

(2) Human alveolar type I epithelial cell line, CI-hAELVi, immortal-
ized by using the CI-SCREEN technology72 and characterized by
Kuehn et al.73 was purchased from InSCREENeX (no. INS-CI-
1015, Braunschweig, Germany). CI-hAELVi were cultured
in huAEC Medium plus supplement kit (INS-ME-1013,
InSCREENeX) on T-75 flasks coated with huAEC Coating Solu-
tion (INS-SU-1018, InSCREENeX).

(3) Human umbilical vein endothelial cells (HUVECs) (no. PCS-100–
010) were purchased from the ATCC and cultivated in Vascular
Cell Basal Medium (no. PCS-100-030; ATCC) plus Endothelial
Cell Growth Kit-VEGF (no. PCS-100–041, ATCC).

(4) Bone marrow CD34+ hematopoietic stem and progenitor cells, iso-
lated from BM mononuclear cells, were purchased from Lonza
(no. 2M-101, Morrisville, NC) and cultured in StemSpan SFEM
II medium (no. 09655, STEMCELL Technologies, Vancouver,
Canada) supplemented with StemSpan CD34+ Expansion Sup-
plement (no. 02691, STEMCELL Technologies).

(5) Human MSCs (hMSCs), isolated from human tissue, were pur-
chased from Lonza (PT-2501), and cultured in Mesencult-ACF
Plus Medium Kit (05445, STEMCELL Technologies).

All cell lines were authenticated by short tandem repeat profile anal-
ysis and confirmed mycoplasma-free by PCR analysis and passaged
for fewer than 6 months after resuscitation.

Preparation of PC and lung spheroids

PC spheroid (PC cell aggregates and vascular channels)

To mimic the in vivo tumor microenvironment, PC spheroids con-
taining PC cells DU145 or PC3, in co-culture with HUVECs, were
set up. DU145 and/or PC3 cells and HUVECs were seeded in
96-well U-bottom ultra-low-attachment plate (no. 174925; Thermo
Fisher Scientific, Waltham, MA), in a 1:3 ratio, respectively, for
24 h to allow spheroid formation. After 24 h the spheroids were trans-
ferred with a sterile Transfer Pipet (no. 204-1S, Thermo Fisher Scien-
tific) into a 24-well ultra-low attachment plate (no. 174930, Thermo
Fisher Scientific) for 48 h. After 48 h, the spheroids were transferred
into the 24-well compartment of the 2-OC (HUMIMIC Chip2,
24-well; TissUse). Depending on the experimental set up, the PC
spheroids were cultured in cell culture medium consisting in Stem-
Span-AOF medium containing 10 ng/mL thrombopoietin (no. 300-
18; Thermo Fisher Scientific), 25 ng/mL Fms-related tyrosine kinase
3 ligand (no. 300-19, Thermo Fisher Scientific), and Vascular Cell
Basal Medium (no. PCS-100–030, ATCC), supplemented with Endo-
thelial Cell Growth Kit-VEGF (no. PCS-100–041, ATCC), in a 1:1 ra-
tio, for the study of BMmetastasis, and in huAECMedium, plus sup-
plement kit (no. INS-ME-1013, InSCREENeX), and Vascular Cell
Basal Medium (no. PCS-100–030, ATCC) supplemented with Endo-
thelial Cell Growth Kit-VEGF (no. PCS-100–041, ATCC), in a 1:1 ra-
tio, for the study of Lung metastasis.

Lung spheroid (alveolar acini and vascular channels)

To simulate the lung tissue, lung spheroids, consisting of CI-hAELVi,
in co-culture with HUVECs, were prepared. CI-hAELVi and
HUVECs were seeded in 96-well U-bottom ultra-low-attachment
plates (no. 174925, Thermo Fisher Scientific), in a 1:2 ratio respec-
tively, for 24 h, to allow spheroid formation. After 24 h, the spheroids
were transferred, with a sterile Transfer Pipet (no. 204-1S, Thermo
Fisher Scientific), into a 24-well ultra-low attachment plate (no.
174930, Thermo Fisher Scientific) for 48 h. After 48 h, the spheroids
were transferred in the 96-well compartment of the 2-OC. The lung
spheroids were cultured in huAEC Medium plus supplements (no.
INS-ME-1013, InSCREENeX) and Vascular Cell Basal Medium (no.
PCS-100–030, ATCC) supplemented with Endothelial Cell Growth
Kit-VEGF (no. PCS-100–041, ATCC) in a 1:1 ratio.

3D models of BM niche

3D models of the BM were prepared according to TissUse’s
protocols.74 hMSCs were cultured in static, T-175 flasks using
the Mesencult-ACF Plus Medium for 7–10 days (no. 05445,
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STEMCELL Technologies). They were then seeded on Sponceram
cylinders made of hydroxyapatite-coated zirconium oxide ceramic
scaffold, and cultured for 7–10 days in Mesencult-ACF Plus Medium.
On day 1 of the 2-OC experiment, the hMSCs containing scaffold
were seeded with BMCD34+ hematopoietic stem and progenitor cells
and inserted into the 96-well compartment of the 2-OC.

Incorporation of PC and lung spheroids or BMscaffold into 2-OC

The 2-OC used consisted of a 24-well compartment connected, in cir-
cuit, by microfluidic channels to a 96-well compartment. On each
chip, two circuits were present. PC spheroids were placed inside an
8 mm culture plate insert (no. PI8P01250, Merck, Burlington, MA)
present in the 24-well compartments of each circuit. Lung spheroids
and BM scaffolds were loaded into the 96-well compartments of each
circuit.

Flow cytometry-based multiplex immunoassays

To investigate potential TME mediators released in the “microenvi-
ronment” of the 2-OC, and to see if any of these mediators were
affected by the treatment with the NPs, supernatants from the chips
were collected at the beginning of the experiments (T0), after the third
treatment with NPs (T3, day 8 of the experiment), and after the fifth
treatment with NPs (T5, day 15 and final day of the experiment). Flow
cytometry-based multiplex immunoassays, Human BoneMetabolism
Panel version 2 (no. B741362, BioLegend, San Diego), which allows
the detection of 13 molecules (OPG, OPN, PDGF-BB, ALPL,
ACP5, Leptin, TNFSF11, TNF-a, IL-6, PTH, IL-1b, BMP-2, and
DKK-1) and Human Proinflammatory Chemokine Panel 2 (no.
741158, BioLegend), which allows the detection of 12 molecules
(CCL1, CCL13, CCL22, CCL7, CCL24, CCL19, CXCL13, CCL8,
CX3CL1, CXCL12, CXCL2, and CCL18) were used. Cell culture
supernatants were processed and acquired on a BD Scientific
FACSCanto Flow Cytometer (RRID: SCR_018055) according to the
manufacturer’s protocol. Flow cytometry data files were then
analyzed using the LEGENDplex Data Analysis Software Suite pro-
vided on the manufacturer’s website.

ELISA

To determine the source, or sources, of the mediators found in the
supernatant of the 2-OCs, ELISAs detecting OPG (no. ab100617,
Abcam, Cambridge, UK), DKK1 (no. EHDKK1, Thermo Fisher Sci-
entific), IL-6 (no. EH2IL6, Thermo Fisher Scientific), and CXCL2 (no.
ab184862, Abcam) were used. Each of the cell lines present in the
chips were seeded in a six-well plate, in single and/or in co-culture,
in the same ratios and culture media used in the 2-OC, faithfully repli-
cating the culture conditions used in the chips. The supernatants from
the single and co-cultures were collected after 48 h and analyzed ac-
cording to the manufacturer’s protocols.

CRISPR-Cas9-mediated IL30 gene knockout of PC cells

The CRISPR-Cas9 technology was used to generate IL30 gene
knockout (IL30KO) in both DU145 and PC3 cells, and abrogation
of IL-30 expression was validated by western blotting, as we
described.15
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Flow cytometry and Ab conjugation efficiency

PSCA expression on DU145 and PC3, and conjugation efficiency be-
tween the anti-PSCA Ab and the aldheyde-modified 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-(amino(polyethylene glycol)-
2000) (DSPE-PEG2000) lipid, present on the external layer of the
NP, were assessed by flow cytometry, as described in the supple-
mental materials and methods.
Synthesis of NPs

Cationic lipid nanocomplexes coated with PEG (NP) were synthe-
sized using a DolomiteMicrofluidics device (Royston, UK), which en-
ables the standardized production of NPs (low polydispersion index,
in the range of 0.06–0.25), high encapsulation efficiency, and over-
comes the need for high temperatures during component assembly,
which have proven detrimental to the stability of the Cas9-gRNA
complex. Lipids used to produce the NPs are as follows:

(1) 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) (Avanti
Polar Lipids, Alabaster, AL), a cationic lipid used to obtain
optimal loading efficiency of the Cas9-gRNA complex, which is
negatively charged.75,76 DOTAP also function as PEG linker.

(2) Fusogenic lipids, specifically, 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) (Avanti Polar Lipids), useful to foster
nanoparticle entry into the targeted cells.77

(3) Stealth lipids, specifically DSPE-PEG2000 (Avanti Polar Lipids),
used to increase circulation time and to prevent opsonization and
subsequent phagocytosis by macrophages.78

(4) DSPE-PEG2000, aldheyde/maleimide-modified PEG lipids, used
for Ab conjugation.79

(5) Cholesterol (Sigma-Aldrich, St. Louis, MO), used to provide
structural stability to the lipid bilayer.80

All of the components used are approved for clinical use by the EMA
and by the FDA.

To produce empty NPs, lipids (DOPE, DOTAP, CHOL,
DSPEpeg2000, and DSPE-PEG-CHO) (Avanti Polar Lipids) were dis-
solved in ethanol (at molar ratios of 3.45:3.45:2.1:0.75:0.25, respec-
tively) and then mixed in a micromixer chip with PBS at a 1:3 flow
rate ratio (lipids/PBS). Then, nanoliposomes were dialyzed with
Slide-A-Lyzer Dialysis Cassettes, 20K MWCO (no. 66003, Thermo
Fisher Scientific), against PBS, to remove ethanol. Finally, the nano-
particle suspension was concentrated with Pierce Protein Concen-
trator PES, 100K MWCO (no. 88523X4, Thermo Fisher Scientific)
to reach a final lipid concentration of 10 mg/mL.

To prepare RhB-labeled nanoliposomes, Lissamine Rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammo-
nium salt (no. L1392, Thermo Fisher Scientific) was added to the lipid
mixture, at a 0.1% molar ratio.

To produce core-encapsulated (CE) gadolinium (Gd) nanoliposomes,
CE-Gd-NPs, lipids were dissolved in ethanol and then mixed, in a mi-
cromixer chip, with a gadoteric acid (Gd-DOTA; no. G360000, SimSon
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Pharma, Mumbai, India) solution at a 1:3 flow rate ratio (lipids/
Gd-DOTA). After mixing, unencapsulated Gdwas removed by dialysis
withSlide-A-LyzerDialysisCassettes, 20KMWCO(ThermoFisherSci-
entific). Then, the nanoparticle suspension was concentrated with
Pierce ProteinConcentrator PES, 100KMWCO(ThermoFisher Scien-
tific) to reach a final lipid concentration of 10mg/mL. Lastly, nanolipo-
somes were conjugated with anti-PSCA Abs (no. PA5-65080, Thermo
Fisher Scientific) and dialyzed with a 300K MWCO membrane (no.
131456T, Thermo Fisher Scientific) to remove unbound Abs.

Synthesis of the CRISPR-Cas9hIL30 NP and functionalization

with anti-PSCA Abs

To produce CRISPR-Cas 9hIL30NPs, lipids were dissolved in ethanol
and then mixed, in a micromixer chip, with CRISPR-Cas9gRNA-
hIL30 complex solution, at a 1:3 flow rate ratio (lipids/CRISPR-
Cas9gRNA-hIL30). Then, the liposomes were dialyzed against PBS,
at a pH of 6.5, with a 300K MWCO membrane (Thermo Fisher
Scientific) to remove unencapsulated CRISPR-Cas9gRNA-hIL30
complex. The nanoparticle suspension was concentrated with Pierce
Protein Concentrator PES, 100K MWCO (Thermo Fisher Scientific),
to reach a final lipid concentration of 10 mg/mL.

Subsequently, anti-PSCA-specific Abs (Thermo Fisher Scientific cat.
no. PA5-65080, RRID: AB_2662130) were conjugated on DSPE
PEG Aldehyde (no. PG2-ALDS-2k, Nanocs, New York, NY) of
the external bilayer of the pre-formed nanoliposomes to obtain
CRISPR-Cas9hIL30-PSCA NP, referred to as Cas9hIL30-PSCA NP,
using a displacement reactionmediated by sodium cyanoborohydride
(no. 156159, Merck, Darmstadt, Germany). The nanoliposomes were
dialyzed against PBS, at a pH 7.4, with a 300K MWCO membrane
(Thermo Fisher Scientific) to remove unbound Abs and excess of so-
dium cyanoborohydride.

Physical characterization of NPs

The nanoparticles were characterized as follows.

Laser particle size analysis and zeta electromotive force analysis

Todetermineparticle size and zeta electromotive force, emptyNPs and
CRISPR-Cas9gRNA-hIL30NPswere dispersed in double-distilledwa-
ter (to a final volume of 2 mL) and particle size and zeta electromotive
force weremeasured using a 90Plus/BI-MAS ZetaPlus multiangle par-
ticle size analyzer (Brookhaven Instruments, Holtsville, NY).

Serum stability of the CRISPR-Cas9gRNA-IL30 NPs

To determine the serum stability of CRISPR-Cas9gRNA-hIL30 NPs,
they were resuspended in medium containing 10% fetal calf serum,
and the size of the nanoliposomes was measured every 6 h for 24 h
using a 90Plus/BI-MAS ZetaPlus multiangle particle size analyzer
(Brookhaven Instruments).

Resistance of CRISPR-Cas9gRNA-hIL30 NPs to enzymatic

digestion

To confirm that the lipid shell protects the Cas9-gRNA complex
from enzymatic degradation, 50 mg/mL proteinase K was added
to the nanoparticle suspension (20 mg/mL lipid concentration),
which was then incubated overnight at 37�C. Then, the nanolipo-
somes were dialyzed to remove the proteinase K and cleaved in
DMSO. Subsequently, Cas9 quantification was performed by
ELISA assay (Cas9 ELISA Kit, no. PRB-5079, Cell Biolabs, San
Diego, CA) and compared with that obtained from an untreated
nanoparticle suspension. The experiments were performed in
triplicate.

Stability of CRISPR-Cas9gRNA-hIL30 NPs to different external

pH values

The CRISPR-Cas9gRNA-hIL30 NPs were resuspended in a medium
containing 50% fetal calf serum at pH 2.5, 6.5, or 9, and mixed by vor-
texing. The resuspended solution was placed on a horizontal shaker
(70 rpm, 37�C ± 1�C) and, at fixed time intervals (0, 2, 4, 6, 12, and
24 h), the particle size of the nanoliposome was measured by using
a 90Plus/BI-MAS ZetaPlus multiangle particle size analyzer (Broo-
khaven Instruments).

Morphological analyses of CRISPR-Cas9gRNA-hIL30 NPs by

TEM

Size and shape of the nanoparticles were characterized by TEM.
empty nanoliposomes conjugated with anti-PSCA Abs (empty-
PSCA NPs) and CRISPR-Cas9gRNA-hIL30 NPs, conjugated with
anti-PSCA Abs (Cas9IL30-PSCA NPs) were incubated in fresh cul-
ture medium, at 1:25, 1:50, and 1:100 dilutions, for 3 h. Then, the
NPs were fixed in cacodylate-buffered 2.5% glutaraldehyde, post-
fixed in osmium tetroxide, and embedded in Epon 812. Ultrathin sec-
tions were stained with uranyl acetate-lead citrate and analyzed using
a Philips CM10 and a Fei-Philips Morgagni 268D transmission elec-
tron microscope (Philips, Eindhoven, NL).

Encapsulation efficiency of the CRISPR-Cas9hIL30 NPs

The Cas9hIL30 NP was cleaved in DMSO and diluted in PBS
(pH 7.4). The resulting mixture was then centrifuged in a high-speed
refrigerated centrifuge at 15,000 rpm for 1 h, and Cas9quantification
was performed by ELISA assay (Cas9ELISA Kit, no. PRB-5079, Cell
Biolabs) on the supernatant. Blank control was prepared by the
same method, using the supernatant from the empty NPs. The encap-
sulation efficiency was calculated according to the following formula:
encapsulation rate (%) = [(A2 –A 1)/A2] � 100%, where A1 was the
amount of Cas9 measured in the supernatant and A2 was the initial
amount of Cas9 used to prepare the Cas9hIL30 NP.

Release rate of the CRISPR-Cas9hIL30 NP

The Cas9hIL30 NP suspension was dialyzed against PBS, as described
above, to remove unencapsulated CRISPR-Cas9gRNA-hIL30 com-
plex. Subsequently, at scheduled time points (0, 5, 10, 20, 30 min
and 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 24, and 36 h), an aliquot of the prep-
aration was centrifuged at 15,000 rpm, the supernatant was discarded
and the pellet, treated with DMSO, was used for Cas9 quantification
(Cas9 ELISA Kit, Cell Biolabs). The Cas9 release rate was calculated
according to the following formula: release rate (%) = 100 – [A1/
A2 � 100], where A1 was the amount of Cas9 measured at the
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different time points and A2 was the initial amount of Cas9 measured
at 0 min. The release rate of Cas9 by Cas9hIL30-loaded Ab-conju-
gated or unconjugated NPs was <40% at 30 min, which meets
the liposome formulation guidelines in the international pharmaco-
poeia (https://digicollections.net/phint/2020/index.html#d/b.1) for
less than 40% release in 0.5 h.

Editing quantification and analysis of the off-target cleavage in

NP-treated PC cells in vitro and in the organs and lung

metastasis of NP-treated mice in vivo

The two Trueguide synthetic gRNAs (sgRNAs) that we used for IL30
gene editing (no. CRISPR947272_SGM, ACCAGCTTGAACCAG
GAGCA and no. CRISPR947284_SGM, AACCTCGGAGAGCAGCT
TCC), were designed and synthesized by Thermo Fisher Scientific us-
ing a validated proprietary algorithm that predicts high-efficiency
editing.

For editing quantification and evaluation of off-target cleavage events
for the selected sgRNAs (Table S2), the whole genome obtained from
PC cell cultures, treated or not with Cas9IL30-PSCA NxPs, and from
lung metastases, prostate, lungs, liver, kidneys, and spleen of three
PC3, or DU145 metastases-bearing mice, treated with one injection
of Cas9IL30-PSCA NxPs, and three untreated mice, was sequenced
by Lexogen (Wien, Austria), using the Illumina Platform NovaSeq
6000 System and Dragen software. The reads were aligned to the
reference genomes and the percentages of sequence reads with inser-
tions or deletions (variants) over the total number of sequence reads
were calculated. The average frequency of variants induced in the
IL-30 gene represented the on-target effects (editing efficiency),
whereas the average frequency of variants induced in off-target sites
represented the off-target effects.

The editing efficiency in lung metastases of NP-treated and untreated
mice was assessed after isolating the metastatic cells from the lung tis-
sue by laser capture microdissection (LCM), using the P.A.L.M. Mi-
cro Beam System (P.A.L.M. Microlaser Technologies, Bernried, Ger-
many), as we described previously.81 Two 10-mm frozen sections were
obtained from each lung sample. Tissue sections were mounted on
PEN membrane-covered slides (P.A.L.M.), thawed at room tempera-
ture, and immersed in cold acetone (5 min). All reagents were
prepared using Ultrapure DNAse/RNAse-Free distilled water (Invi-
trogen, Paisley, UK). Immediately after hematoxylin and eosin stain-
ing, tissue sections were used for LCM. Metastasis and tumor micro-
emboli were selected from each section, then about 500–1,000 tumor
cells were cut and catapulted intact into the cap of an LPC-Microfuge
Tube (P.A.L.M.), and genomic DNA was immediately extracted and
processed for whole genome sequencing according to the protocol
reported.82

TEM analyses of PC spheroids incorporated in the 2-OC

platform

The intracellular uptake of NPs by the 3D PC spheroid models
composed of co-cultures of DU145, or PC3, and ECs was analyzed
by TEM, as reported in the supplemental materials and methods.
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LSC analyses of PC and lung spheroids, and BM scaffold

incorporated in the 2-OC platform

To analyze the effects of NPs on the metastatic properties of PC
cells, before preparation of PC and lung spheroids and 3D models
of BM niche, PC3 and DU145 cells were stained with the
LuminiCell Tracker 540 (Cell Labeling Kit, no. SCT010), whereas
CI-hAELVi and hMSCs were stained with the LuminiCell Tracker
670 (Cell Labeling Kit, no. SCT011), both from Merck, according
to manufacturer’s protocol.

At the end of the experiment, PC and lung spheroids and BM scaf-
folds were visualized under an LSM 800 confocal microscope (Zeiss,
Oberkochen, Germany, RRID: SCR_015963) and the resulting images
were evaluated and processed using ZENMicroscopy Software (Zeiss,
RRID: SCR_013672).

Assessment of PC and EC viability in PC spheroids and analysis

of PC cell colonization of lung spheroids or BM scaffolds in the

2-OC platform

Viability and apoptosis of tumor and ECs, and the number of tumor
cells (GFP+) within the BM scaffolds or lung spheroids in the 2-OC
platforms, were quantified by flow cytometry, as described in the sup-
plemental materials and methods.

PCR array and real-time RT-PCR

PCR array and real-time RT-PCR were performed as described in the
supplemental materials and methods, using the RT2 Profiler PCR
Array Human TumorMetastasis (no. PAHS-028Z, QIAGEN, Hilden,
Germany) and selected primers specific for EMT genes and genes
involved in ECs activation, proliferation, and sprouting (Table S4).

Biosafety and distribution of NPs in vivo

(1) To measure markers of organ toxicity in serum, blood samples
from mice treated with PBS, naked Cas9hIL30 complex, empty-
PSCA NPs, Cas9hIL30 NPs, or Cas9hIL30-PSCA NPs were
collected 21 days after the start of treatment, from the venous si-
nus, using a capillary tube. Aspartate aminotransferase (AST),
alanine aminotransferase (ALT), blood urea nitrogen (BUN),
creatinine (Cr), cardiac troponin-1 (cTnI), creatine kinase
(CK), and lactate dehydrogenase (LDH) were measured in the
sera using Mouse AST ELISA Kit (ab263882), Mouse ALT
ELISA Kit (ab282882), Creatinine Assay Kit (ab65340), Creatine
Kinase Activity Assay Kit (ab155901), and LDH Assay Kit
(ab102526) (all from Abcam), and Urea Nitrogen (BUN) Color-
imetric Detection Kit (Thermo Fisher Scientific) and Mouse
Troponin I ELISA Kit (Novus Biologicals, Centennial, CO), ac-
cording to the manufacturers’ protocols.

(2) To assess the immunogenicity of NPs, four groups of five fully
immunocompetent BALB/c male mice were i.v. injected with
PBS, or naked Cas9hIL30 complex, or empty-PSCA NPs or
Cas9hIL30-PSCANPs. Blood samples were collected24 h post in-
jection to measure the serum levels of TNF-a and IL-6 using the
Mouse TNF-alpha Quantikine ELISA Kit (no. MTA00B, R&D
Systems, Minneapolis, MN) and the IL-6 Mouse ELISA Kit

https://digicollections.net/phint/2020/index.html#d/b.1


www.moleculartherapy.org
(no. KMC0061, Thermo Fisher Scientific) according to the man-
ufacturers’ protocol.

(3) Histopathological and ultrastructural analyses of the intracellular
uptake and toxicity of NP in vivo. After autopsy, tissue samples
from organs (lungs, heart, liver, kidneys, prostate, and spleen)
of NP-treated and control mice were collected. For the histolog-
ical analyses, tissue samples were fixed in 4% formalin, embedded
in paraffin, sectioned at 4 mm and stained with hematoxylin and
eosin.

For ultrastructural analyses with TEM, small tissue samples (1 mm3)
from liver, kidneys, and from the inner areas and edges of the tumor
xenografts from NP-treated and control mice, were fixed in cacody-
late-buffered 2.5% glutaraldehyde for 24 h at 4�C, post-fixed in 1%
osmium tetroxide for 2 h, dehydrated with graded acetones, and
embedded in Epon 812 (Electron Microscopy Sciences). Ultrathin
sections (0.5–1 mm thick) were stained with 1% methylene blue
and used to select suitable areas of ultrastructural sectioning.
Finally, ultrathin sections (60 nm thick) were collected on copper
grids, counterstained with uranyl-acetate and lead citrate, and
examined with a Philips CM10 (TEM) and/or Fei-Philips Morgagni
268D transmission electron microscopes (FEI, Eindhoven, the
Netherlands).

(4) For LSC microscopy analyses of the uptake of NPs by lung metas-
tases, lung parenchyma, prostate, spleen, liver, and kidneys, two
groups of 24 NSG male mice were i.v. injected, in the tail vein,
with GFP-labeled DU145 or with PC3 cells. After 10 days, each
group of mice was divided into two groups of 12 mice, one was
i.v. injected with RhB-labeled NPs (RhB-NP) and the other with
RhB-labeled NPs conjugated with anti-PSCA Abs (RhB-PSCA-
NP). Each group of 12 mice was then divided into 4 groups of 3
mice, which were sacrificed at different time points (5, 15, 30,
60, and 90 min) after the administration of NPs. LSC images
of tumor emboli, lung parenchyma, prostate, spleen, liver, and
kidneys were captured under an LSM 800 confocal microscope
(Zeiss). To quantify the uptake of NPs by the lung metastases,
the fluorescence intensity and distribution of RhB-NPs, RhB-
PSCA-NPs, and GFP+ tumor cells were evaluated using ZEN
Microscopy Software (Zeiss, RRID: SCR_013672), and the up-
take of the NPs was expressed as the mean percentage ± SD
of RhB+GFP+ cells/total number of GFP+ cells. The fluorescence
intensity and distribution of RhB-NPs or RhB-PSCA-NPs in the
lung parenchyma were visualized after staining of the alveolar
cells with rabbit anti-EpCam antibody (Thermo Fisher Scienti-
fic cat. no. MA5-35283, RRID: AB_2849185), followed by
goat anti-rabbit IgG Alexa Fluor 488-conjugated antibody
(Thermo Fisher Scientific, cat. no. A32731, RRID: AB_
2633280), and the uptake of the NPs was expressed as the
mean percentage ± SD of RhB+EpCam+ cells/total number of
EpCam+ cells. The fluorescence intensity and distribution of
NPs in prostate, spleen, liver, and kidneys were visualized after
staining with Alexa Fluor 488 Phalloidin (Thermo Fisher Scien-
tific, cat. no. A12379) and the uptake of the NPs was expressed
as the mean percentage ± SD of RhB+Phalloidin+ cells/total
number of Phalloidin+ cells. PBS-treated GFP+ metastases-
bearing mice were used as a negative control. Three sections
per sample were analyzed and six to eight high-power fields
were evaluated for each section.

Pharmacokinetic studies

For pharmacokinetic studies, three groups of five BALB/c mice were
i.v. injected in the tail vein with 3 � 105 wild-type DU145 cells, and
three groups of five BALB/c mice were i.v. injected with 3 � 105

wild-type PC3 cells. After 12 days, mice were i.v. treated with
Cas9hIL30 NPs conjugated or unconjugated with anti-PSCA Abs,
or free Cas9 (in PBS), at a dose of 1.5 mg of Cas9 equiv/kg. Subse-
quently, blood was collected at pre-determined time intervals (5,
15, and 30 min, or 1, 2, 4, 6, 8, 10, and 12 h) for ELISA assay (Cas9
ELISA Kit, no. PRB-5079, Cell Biolabs).

In vivo testing of CRISPR-Cas9gRNA-hIL30 NP treatment in the

experimental models of PC metastasis

Eight-week-old NSG male mice were purchased from Charles River
(Wilmington, MA) and were housed under high barrier conditions
according to the Jackson Laboratory’s guidelines (https://www.
jax.org/jax-mice-and-services/find-and-order-jax-mice/nsg-portfolio/
housing-and-breeding-considerations-for-nsg-mice) in the animal
facility of the Center for Advanced Studies and Technology at the
"G. d’Annunzio" University of Chieti-Pescara.

To study the effects of IL-30 target treatment on the onset and devel-
opment of lung metastases, 3 groups of 10, 8-week-old, NSG male
mice were i.v. injected in the tail vein with 3 � 105 wild-type
(CTRL) DU145 or PC3 cells.

Mice were treated with Cas9hIL30-PSCA NPs, empty-PSCA NPs, or
PBS, starting from 72 h after the i.v. inoculation of PC cells, and twice
a week thereafter, with a five or three administration schedule, as rep-
resented in Figure 2L. An additional two groups of 10, 8-week-old,
NSG male mice were i.v. injected with non-targeting guide RNA-
transfected (NTgRNA) or IL-30 knockout (IL30KO) DU145 or PC3
cells, and left untreated. Animal health and well-being were moni-
tored daily. Forty-eight hours after the last treatment administration,
mice were euthanized and autopsy was performed, followed by the
collection of lungs and tissue sampling of the different organs (heart,
liver, kidneys, spleen, and prostate) for histopathological and ultra-
structural analyses.

Power analysis and sample size calculation

An overall sample size of 10 mice per group allowed the detection of a
statistically significant difference in lung metastasis, between five
groups (ANOVA), with an 80% power, at a 0.05 significance level
(G*Power, RRID: SCR_013726). Animal procedures were performed
in accordance with the European Community and ARRIVE guide-
lines and were approved by the Institutional Animal Care Committee
of “G. d’Annunzio” University and by the Italian Ministry of Health
(authorization no. 892/2018-PR).
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Histology, immunohistochemistry, and immunofluorescence for

LSC microscopy

Histology, immunohistochemistry (performed with the Abs listed in
the Table S5), assessment of proliferation indices, and evaluation of
immune cell content and cytokine expression in metastasis, were per-
formed as described in the supplemental materials and methods.

Statistics

For in vitro and in vivo studies, between-group differences were as-
sessed by Student’s t-test, or ANOVA, followed by Tukey HSD test.
All statistical tests were evaluated at an a level of 0.05, using Stata,
version 13 (StataCorp, College Station, TX; RRID: SCR_012763). Re-
sults were expressed as mean ± standard deviation and Prism 6
(GraphPad Software, La Jolla, CA) was used to perform all statistical
analyses.
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