
Received: 10 June 2020 Revised: 10 November 2020 Accepted: 28 November 2020

DOI: 10.1002/jev2.12042

RESEARCH ARTICLE

Prostate cancer extracellular vesicles mediate intercellular
communication with bone marrow cells and promote metastasis in
a cholesterol-dependent manner

Stephen E. Henrich, Kaylin M. McMahon, Michael P. Plebanek,

Andrea E. Calvert, Timothy J. Feliciano, Samuel Parrish Fabio Tavora

Anthony Mega, Andre De Souza, Benedito A. Carneiro, C. Shad Thaxton,,

1 Department of Urology, Feinberg School of
Medicine, Northwestern University, Chicago,
Illinois, USA
2 Simpson Querrey Institute for
BioNanotechnology, Northwestern University,
Chicago, Illinois, USA
3 Robert H. Lurie Comprehensive Cancer Center,
Northwestern University, Chicago, Illinois, USA
4 Warren Alpert Medical School, Brown
University, Providence, Rhode Island, USA
5 Lifespan Cancer Institute, Providence, Rhode
Island, USA
6 Department of Pathology, Messejana Heart and
Lung Hospital, Fortaleza, Brazil

Correspondence
C. ShadThaxton,Department ofUrology, Feinberg
School ofMedicine,NorthwesternUniversity, 303
E.ChicagoAve., Chicago, IL,USA.
Email: cthaxton003@northwestern.edu
BeneditoA.Carneiro,WarrenAlpertMedical
School, BrownUniversity, 222RichmondSt.,
Providence, Rhode Island,USA
Email: benedito.carneiro@lifespan.org

C. ShadThaxton andBeneditoA.Carneiro jointly
supervised thiswork.

Funding information: S.E.H. is supported by an
NRSAF30 fellowship from theNCI (CA225133-03).
Thisworkwas supported in part by grants from
theProstateCancer Foundation, theCenter for
RegenerativeMedicine at the SimpsonQuerrey
Institute, and theNanyangTechnological Institute-
NorthwesternUniversity (NTU-NU) Institute for
Nanomedicine.

Funding information
ProstateCancer Foundation;NationalCancer
Institute,Grant/AwardNumber: CA225133-03

Abstract
Primary tumours can establish long-range communication with distant organs to
transform them into fertile soil for circulating tumour cells to implant and prolifer-
ate, a process called pre-metastatic niche (PMN) formation. Tumour-derived extra-
cellular vesicles (EV) are potent mediators of PMN formation due to their diverse
complement of pro-malignant molecular cargo and their propensity to target specific
cell types (Costa-Silva et al., 2015; Hoshino et al., 2015; Peinado et al., 2012; Peinado
et al., 2017). While significant progress has been made to understand the mecha-
nisms by which pro-metastatic EVs create tumour-favouring microenvironments at
pre-metastatic organ sites, comparatively little attention has been paid to the factors
intrinsic to recipient cells that may modify the extent to which pro-metastatic EV
signalling is received and transduced. Here, we investigated the role of recipient cell
cholesterol homeostasis in prostate cancer (PCa) EV-mediated signalling and metas-
tasis. Using a bone metastatic model of enzalutamide-resistant PCa, we first charac-
terized an axis of EV-mediated communication between PCa cells and bone mar-
row that is marked by in vitro and in vivo PCa EV uptake by bone marrow myeloid
cells, activation of NF-κB signalling, enhanced osteoclast differentiation, and reduced
myeloid thrombospondin-1 expression. We then employed a targeted, biomimetic
approach to reduce myeloid cell cholesterol in vitro and in vivo prior to conditioning
with PCa EVs. Reducing myeloid cell cholesterol prevented the uptake of PCa EVs by
recipient myeloid cells, abolished NF-κB activity and osteoclast differentiation, sta-
bilized thrombospondin-1 expression, and reduced metastatic burden by 77%. These
results demonstrate that cholesterol homeostasis in bone marrow myeloid cells reg-
ulates pro-metastatic EV signalling and metastasis by acting as a gatekeeper for EV
signal transduction.

KEYWORDS
bone, cholesterol, exosomes, extracellular vesicles, metastasis, myeloid, pre-metastatic niche, prostate
cancer

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
© 2020 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles

J Extracell Vesicles. 2020;10:e12042. wileyonlinelibrary.com/journal/jev2  of 
https://doi.org/10.1002/jev2.12042

mailto:cthaxton003@northwestern.edu
mailto:benedito.carneiro@lifespan.org
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jev2
https://doi.org/10.1002/jev2.12042


 of  HENRICH et al.

 INTRODUCTION

Extracellular vesicles (EV) are particles released by cells that are delimited by a lipid bilayer and incapable of replication (Thery
et al., 2018). Sub-types of EVs include endosome-originating exosomes, plasma membrane-derived ectosomes or microvesicles,
large oncosomes, apoptotic bodies, and others. Small EVs (sEV), on the order of 30–200 nm in diameter, are often released in
abundance by neoplastic cells and have been shown to promotemetastasis by communicating with cells at distant, pre-metastatic
organ sites to create tumour-favouringmicroenvironments, a process called pre-metastatic niche (PMN) formation (Lobb, Lima,
& Moller, 2017; Peinado et al., 2017). This phenomenon has been found to occur in melanoma (Peinado et al., 2012), pancreatic
cancer (Costa-Silva et al., 2015), prostate cancer (Dai et al., 2019), and other tumour types. Comparatively little attention has
been paid, however, to the factors intrinsic to recipient cells that may influence the ability of tumour-derived EVs to efficiently
mediate PMN formation. Here, we investigate the role of recipient cell cholesterol homeostasis in regulating cancer EV-mediated
signalling and metastasis in the setting of prostate cancer (PCa).
PMN formation requires long-range intercellular communication to be persistently mediated by soluble or membrane-bound

factors that originate from the primary tumour (Karnezis et al., 2012; Liu & Cao, 2016; Peinado et al., 2017). After traversal of
vascular and interstitial spaces, these factors eventually engage with the cholesterol-rich plasma membrane of recipient cells at
pre-metastatic organ sites. The synaptic events of intercellular communication, such as ligand-receptor interactions or endo-
cytosis, may then lead to successful transduction of a pro-metastatic signal, for instance by perturbing intracellular signalling
and/or gene expression. These events are tightly controlled by the organization of the recipient cell’s plasmamembrane (Bethani,
Skanland, Dikic, & Acker-Palmer, 2010; Fessler & Parks, 2011) which, in turn, is regulated by cholesterol. Cholesterol comprises
approximately 40 mol% of mammalian plasma membrane lipids (Steck & Lange, 2018), and alters membrane organization by
influencing protein scaffolding (Epand, Sayer, & Epand, 2005; Paila & Chattopadhyay, 2010; Sheng et al., 2012), lipid raft stability
(Lajoie & Nabi, 2010; Simons & Ehehalt, 2002), and the cohesion and orientation of membrane phospholipids (Martinez-Seara,
Rog, Karttunen, Vattulainen, & Reigada, 2010). In addition, cholesterol is required for the structure of clathrin and caveolin-
dependent membrane invaginations, and lipid raft-dependent signalling and endocytosis (Hoop, Sivanandam, Kodali, Srnec,
& van der Wel, 2012; Lajoie & Nabi, 2010). Hence, cholesterol is well-poised to globally regulate the efficiency of intercellular
communication in PMN formation and other settings. Moreover, our group and others have shown that perturbation of cell
membrane cholesterol can inhibit uptake of EVs by recipient cells (Plebanek et al., 2015; Svensson et al., 2013). We therefore
hypothesized that cellular cholesterol burden at pre-metastatic sites may critically regulate the efficiency of cancer EV-mediated
intercellular communication with target cells at these sites.
The bone marrow compartment is a dynamic repository for triglycerides, fatty acids, and cholesterol, and is particularly sen-

sitive to serum lipid levels (Rosen, Ackert-Bicknell, Rodriguez, & Pino, 2009; Wang, Leng, & Gong, 2018). Hence, it represents
an ideal tissue for probing lipid-dependent intercellular communication. Moreover, bone marrow-derived cells (BMDC) are fre-
quently the targets of pro-metastatic signals originating from the primary tumour, making the bone marrow compartment a
hotbed for pro-metastatic signalling and metastasis (Chow et al., 2014; Costa-Silva et al., 2015; Liu & Cao, 2016; Peinado et al.,
2012; Yu et al., 2007). Tumour-derived EVs frequently target BMDCs and have proven to be versatile and potent mediators of
PMN formation via horizontal transfer of pro-metastatic biochemical signals (Costa-Silva et al., 2015; Dai et al., 2019; Hoshino
et al., 2015; Maas, Breakefield, & Weaver, 2017; Peinado et al., 2012; Peinado et al., 2017). Therefore, we investigated tumour-
derived EVs as mediators of pro-metastatic signalling and identified bone marrow-resident myeloid cells as a potential target
cell population. Finally, we focused on a uniformly lethal metastatic process, namely the development of bone metastases in
PCa. Approximately 90% of men who succumb to PCa are found to have bone metastasis at autopsy (Bubendorf et al., 2000).
Moreover, PCa bone metastases are heavily laden with cholesterol in comparison to healthy bone and metastases of other ori-
gins (Thysell et al., 2010), making PCa bone metastasis particularly attractive for a case study in cholesterol-dependent PMN
formation.

 MATERIALS ANDMETHODS

. Cell cultures

All cells were maintained at 37◦C, 5% CO2, and were handled under sterile conditions in an Esco Class II Type A2 biosafety
cabinet. EnzR CWR-R1 cells and EnzR LNCaP cells were gifts fromDr. Donald Vander Griend (University of Illinois at Chicago)
and were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% FBS, 1% penicillin/streptomycin
and 20 μM enzalutamide. PC3, DU145, LNCaP (non-resistant), CWR-R1 (non-resistant), PNT2 and THP1-Dual cells (ATCC,
Manassis, VA) were cultured in RPMI containing 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin. RAW264.1
(ATCC) cells were cultured inDulbecco’sModified EagleMedium (DMEM) containing 10% FBS and 1% penicillin/streptomycin.
Cells were passaged upon reaching approximately 70–80% confluence.
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. Experimental animals

Mice were housed and maintained in the Northwestern University Center for Comparative Medicine, according to NIH guide-
lines and in concordance with protocols approved by the NorthwesternUniversity Institutional Animal Care andUse Committee
(IACUC). Male C57BL/6 mice (3–6 weeks) were obtained from the Jackson Laboratory andmale C.B.-17 SCIDmice (3–4 weeks)
were obtained from Taconic Biosciences.

. Bone marrow isolation

Total bone marrow was harvested from healthy male C57BL/6 mice by dissecting hind limbs immediately after euthanasia, soft
tissue was removed, and bonemarrow cavities of femurs and tibias were flushed with phosphate buffered saline (pH= 7.4) (PBS).
Flushed cells and tissue were then passed through 70 μm filters to remove non-cellular tissue components and debris. Cells were
then centrifuged at 300 x g and resuspended in Red Blood Cell Lysis Buffer (Invitrogen) for 5 min to lyse RBCs followed by
centrifugation at 300 x g.

. Primary bone marrow macrophage culture

Bone marrow cells were harvested as described above, cells were resuspended in DMEM containing 10% FBS, 1% peni-
cillin/streptomycin, and 20 ng/ml M-CSF (BioLegend). Cells were then seeded in 6 cm dishes at 1 million cells/dish and
macrophage differentiation proceeded for 7 days, with 5 ml of fresh, M-CSF containing medium added at day 4.

. EV isolation

Cells were cultured and grown into 15 cm dishes. When cells reached approximately 70–80% confluence, cells were washed with
PBS and transferred to fresh media containing EV-free serum for 48 h. Media was then collected and subjected to centrifugation
at 300 x g for 5 min to pellet cells, then 2000 x g for 15 min to remove cellular debris. The supernatant was then transferred to
ultracentrifuge tubes and ultracentrifuged at 10,000 x g for 30 min to pellet and remove large vesicles. The supernatant was then
transferred to new ultracentrifuge tubes and ultracentrifuged twice at 100,000 x g for 90 min to pellet EVs; the EV pellet was
washed with PBS between the two centrifuge steps to remove co-pelleted non-EV components, and then resuspended in PBS.
After the final round of centrifugation, EVs were resuspended in PBS and then either stored at 4◦C for short-term use (less than
3 days) or stored at −80◦C for later use. Protein content of EVs was determined by BCA and treatment dosing was determined
by EV protein concentration.

. HDL NP synthesis

High-density lipoprotein-like nanoparticles (HDL NPs) were synthesized according to published protocols. Briefly, parti-
cle synthesis was initiated by adding purified apolipoproteinA-1 (apoA-1) (MyBioSource) at fivefold molar excess to a solu-
tion of 5 nm diameter citrate-stabilized, colloidal gold nanoparticles (Au NPs) (80–100 nM; Ted Pella, Inc). The suspension
was vortexed briefly, and placed on shaker at RT for 1 h. Next, two species of phospholipid – 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (PDP PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
(Avanti Polar Lipids)— were added to the suspension at 250-fold molar excess to Au NPs in a mixture of ethanol and water (1:4)
and incubated for 4 h at RT with gentle mixing on a flat-bottom shaker. HDL NPs were then purified and concentrated using
tangential flow filtration. HDL NP concentration was determined using UV-Vis spectroscopy (εAu NP = 9.696 × 106 M–1 cm–1,
λmax = 520 nm) and size was confirmed using dynamic light scattering.

. Transmission electron microscopy and dynamic light scattering

EV samples were fixed by adding an equal volume of 4% paraformaldehyde (PFA) to the EV suspension and incubating at room
temperature for 10 min. 5 μl of EV suspension were deposited on 300-mesh carbon-coated copper grids to adsorb for 20 min.
Grids were then floated on 100 μl drops of PBS on parafilm for 2 min. Grids were then transferred to 50 μl drops of 1% glu-
taraldehyde for 5 min. Next, grids were washed on 100 μl drops of PBS for a total of 8 washes and 2 min per wash. Grids were
then transferred to 50 μl drops of uranyl oxalate, pH = 7, for 5 min, and finally to 50 μl drops of methyl cellulose-uranyl acetate
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for 10 min on ice. Excess fluid was then blotted off on filter paper, and grids were dried at room temperature for 20 min prior
to imaging or storage. Imaging was performed using a FEI Tecnai Spirit transmission electron microscope (TEM) operating at
80 kV.Hydrodynamic diameter of EVswas determined by dynamic light scattering (DLS), whichwas performed using a Zetasizer
Nano ZS (Malvern). EV samples were diluted to concentrations of 1–10 μg EV protein per ml in PBS. Hydrodynamic diameters
reported are the average of three separate measurements of a single sample, with each measurement being the cumulative result
of ten runs.

. EV fluorescent labelling

EVs were isolated from cultured cells in an identical manner as described above, with the exception that prior to the last round of
ultracentrifugation at 100,000 x g, the lipophilic fluorescent dye 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlo-
rate (DiI) was added to the EV sample at a concentration of 2.5 μM in PBS. After the final round of centrifugation, supernatant
containing excess DiI was discarded prior to resuspension of the EV pellet.

. Flow cytometry

DiI-labelled EVs or vehicle control (PBS) were injected via tail vein into male C57BL/6 mice (10 μg EV protein) 24 h prior to
euthanasia. For in vivo uptake inhibition experiments,mice were subjected toHDLNP injection via tail vein (100 μM, 100 μl) 24 h
prior to injection of DiI-labelled EVs. Bonemarrow cells were then isolated as described above, washed in PBS, and resuspended
in FACS buffer [PBS containing 1% bovine serum albumin (BSA), 0.1% sodium azide]. Samples were stained in LIVE/DEAD
Aqua Dead Cell stain (ThermoFisher) for 20 min at RT, washed in FACS buffer, and then blocked in Fc block (BD Pharmingen)
for 20 min at RT. Cells were then incubated in 100 μl of fluorophore-conjugated antibody cocktail (APC anti-mouse/human
CD11b, PE-Cy7 anti-mouse Ly6C, Brilliant Violet anti-mouse Ly6G; BioLegend) (1:100 dilutions for all antibodies) for 1 h at 4◦C
protected from light, and then washed in FACS buffer. Samples were then analyzed using a BD LSR Fortessa Analyzer and data
was processed using FlowJo software. A sample of the gating scheme is shown in Figure S1c. Experiments were performed using
n = 3 mice per group.

. In vitro EV uptake studies

Cells were plated at 20,000 cells per well in 24-well plates on top of glass coverslips, in 0.5 ml of culture medium. The following
day, cells were washed three times in PBS prior to treatment with DiI-labelled EVs with or without HDL NP pre-treatment (2
h) in serum-free media. For all in vitro EV uptake experiments excepting time-dependence studies (Figure 2a and c, Figure S1a,
Figure S4), EV uptake was allowed to proceed for 30 min. For time-dependence studies, EV uptake proceeded for 30 min, 2 h,
or 12 h. Cells were then washed three times in PBS and fixed in 4% paraformaldehyde for 15 min at RT. Subsequently, cells were
washed three times in PBS, and incubated with AlexaFluor488-Phalloidin (1:1000) (Abcam) and DAPI (300 nM) for 1 h at RT.
Cells were then washed three times in PBS and mounted on microscopy slides in Fluoromount G mounting medium (Southern
Biotech). Three distinct samples from each group were imaged using a Nikon A1R Spectral confocal microscope.

. Osteoclast differentiation studies

For in vitro osteoclast differentiation assays, RAW264.7 cells were seeded at a density of 25,000 cells per well in 24-well tissue
culture plates. After 48 h, cells were incubatedwith vehicle control (PBS), EnzREVs (5 μg/ml EVprotein)with orwithout RANKL
(20 μg/ml), or RANKL alone for 7 days, with fresh media containing EVs and/or RANKL added at day 4. For in vitro HDL NP
inhibition studies, HDL NPs (100 nM) were added to the media 2 h prior to addition of EnzR EVs, and osteoclast differentiation
was allowed to proceed for 7 days, with fresh media containing HDL NPs and EnzR EVs added at day 4. After 7 days, cells
were then fixed in 4% PFA and stained with TRAP using a commercially available kit (Sigma) according to the manufacturer’s
protocol. Experiments were performed using three distinct biological replicates per group.
For in vivo osteoclast differentiation studies, C57BL/6 mice were subjected to three tail vein injections of EnzR EVs (10 μg EV

protein per injection) at 48 h intervals. Mice were euthanized 24 h after the third injection, hind limbs were dissected, soft tissue
was removed, and bones were fixed in 10% neutral buffered formalin (NBF) for 3–5 days. Hind limb bones were then rinsed twice
in PBS, placed in 70% ethanol for 24 h, and decalcified in 20% EDTA for 10 days prior to paraffin embedding, sectioning, and
mounting on microscopy slides. TRAP staining was then performed to visualize osteoclasts using a commercially available kit
(Sigma) according to the manufacturer’s protocol. Experiments were performed using n = 3 mice per group.
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. NF-κB reporter assay

THP1-Dual cells were maintained in culture medium containing 10 μg/ml blasticidin and 100 μg/ml Zeocin tomaintain selection
pressure and passaged every three days. Cells were seeded in 96-well plates at 100,000 cells/well in 180 μl of cell suspension.
Then 20 μl of EnzR EVs, vehicle control (PBS), or positive control (LPS) were added to each well to achieve the desired final
concentration. Plates were incubated at 37◦C for 24 h. QUANTI-Blue solution was then prepared according the manufacturer’s
instructions, 180 μl of QUANTI-Blue solutionwere added to eachwell of a new 96-well plate, and 20 μl of THP1-Dual supernatant
were added to each well. Plates were incubated at 37◦C for 2 h and SEAP levels were determined by measuring absorbance using
a Synergy Plate Reader. For HDL NP inhibition experiments, the experimental conditions were identical with the exception that
HDLNPs (100 nM) were added to THP1 cells 2 h prior to addition of EnzR EVs. NF-κB activity was measured from four distinct
biological replicates per group.

. Radiolabeled cholesterol efflux assay

THP1 monocytes were seeded into 24-well plates at a density of 50,000 cells/well and differentiated into macrophages by incu-
bating with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) for 48 h at 37◦C. Cells were then washed three times with PBS and
fresh, non-PMA containing media was added to allow cells to recover for 24 h prior to loading with tritium-labelled cholesterol
([3H]-chol). An ethanol stock solution of [3H]-chol was evaporated to generate a thin film, re-dissolved in 1 ml ethanol and
incubated at 37◦C for 60 min. The solution was then evaporated again, re-dissolved in 50 μl ethanol, and incubated at 37◦C for
30 min. FBS was then added to the solution of [3H]-chol at a quantity calculated to enable labelling of cells the following day
with 1 μCi [3H]-chol per well in 5% FBS containing culture medium. The resulting mixture was incubated at 4◦C overnight. On
the following day, serum-free RPMI with 1% penicillin/streptomycin was added to the mixture of [3H]-chol and FBS to yield
a labelling medium comprising 2 μCi/ml [3H]-chol, 5% FBS. Cells were washed three times with PBS and 500 μl of labelling
medium were added to the cells. After 24 h, cells were washed three times with PBS to remove excess [3H]-chol, and fresh cul-
ture medium with HDL NPs or vehicle (PBS) control was added. Cholesterol efflux was allowed to proceed for 4 h when cells
were washed three times with PBS, lipids were extracted with isopropanol, and [3H]-chol was quantified using liquid scintillation
counting. [3H]-chol was quantified from four distinct biological replicates per group.

. In vivo bone marrow cellular cholesterol quantification studies

Male C57BL/6 were injected with HDL NPs (100 μl, 1 μM) or vehicle alone (PBS) via tail vein 2 h prior to euthanasia when hind
limbs were dissected and bone marrow cells were isolated as described above. Each bone marrow sample was then divided into
two groups: one for quantification of cellular cholesterol in total bone marrow cells and the other for quantification of cellular
cholesterol in bonemarrowmonocytes. For the latter group, a commercially availablemouse bonemarrow isolation kit (EasySep)
was used to isolatemonocytes from total bonemarrow. Amplex RedCholesterol Assay (ThermoFisher) was then used to quantify
cellular cholesterol in both groups according to the manufacturer’s instructions. Protein content of the samples was determined
by BCA, and cholesterol quantification was normalized to the protein content. Experiments were performed using n = 5 mice
per group.

. Immunohistochemistry

Male C57BL/6 mice were subjected to three tail vein injections of EnzR EVs (10 μg EV protein per injection) or vehicle (PBS)
control at 48 h intervals. Mice were euthanized 24 h after the third injection, hind limbs were dissected, soft tissue was removed,
and bones were fixed in 10% neutral buffered formalin (NBF) for 3–5 days. Hind limb bones were then rinsed twice in PBS,
placed in 70% ethanol for 24 h, and decalcified in 20% EDTA for 10 days prior to paraffin embedding, sectioning, and mounting
on microscopy slides. Tissues were deparaffinized and rehydrated by incubating twice in xylene for 5 min, and then undergoing
successive 10-minute incubations in 100% ethanol, 95% ethanol, 70% ethanol, distilled water and finally PBS. Tissues were then
washed and permeabilized in TBS-Triton (0.025% Triton X-100) twice for five minutes and blocked in TBS with 1% BSA, 10%
donkey serum. Primary antibodies (anti-mouse TSP1, Abcam, 1:50 dilution; anti-mouse/human VCAN, Sigma, 1:100 dilution;
anti-mouse Type I Collagen, Sigma, 1:100 dilution) were then added using TBS, 1% BSA as a diluent and allowed to incubate
for 24 h at 4◦C. Tissues were then washed twice in TBS-Triton for 5 min each, prior to adding fluorescently tagged secondary
antibodies at 1:250 dilutions in TBS, 1% BSA. Tissues were then washed with TBS for 5 min, then DAPI (300 nM) in TBS, and
once more in TBS for five minutes prior to mounting and cover slipping on microscopy slides in Vectashield mounting media.
Slides were imaged using a Nikon A1R spectral confocal microscope. Experiments were performed using n = 3 mice per group.
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. Surgical castration

Male C.B.-17 SCID mice aged 3–4 weeks were surgically castrated two weeks prior to injection of tumour cells. Mice were anes-
thetized under inhaled isoflurane. The incision area was swabbed with alcohol and betadine prior to surgery. A single 2–4 mm
incision was made in the inferior scrotum. One testicle was removed from the scrotum, a knot was tied around the base of the
testicle, and the testicle was excised with surgical scissors. The process was repeated for the other testicle. The incision site was
then closed with absorbable sutures. Mice were given intraperitoneal injections of meloxicam (5 mg/kg) once per day for two
days following the operation.

. Metastasis experiments

Male C.B.-17 SCID mice (Taconic Bioscience) were castrated two weeks prior to intracardiac injection of EnzR CWR-R1 cells.
Five days prior to intracardiac injection, mice were subjected to three rounds of tail vein injections with EnzR EVs (10 μg EV
protein per injection, 100 μl) or vehicle control (PBS) at 48 h intervals. One group of mice was also subjected to three rounds
of HDL NP injections (100 μM, 100 μl) via tail vein on alternating days from EnzR EV injections, beginning 24 h prior to the
first EnzR EV injection. On the day of intracardiac injection, mice were anesthetized under inhaled isoflurane, the injection site
was swabbed with alcohol and betadine, the syringe needle was then advanced through the skin approximately 1 cm to the left
of the inferior sternum and 5 mm inferior to the sternum. The needle was then advanced through the diaphragm and into the
left ventricle, and luciferase-expressing EnzR CWR-R1 cells (250,000 cells) were injected into the left ventricle over the course
of 15–20 s. Mice were monitored for signs of pain following the procedure and meloxicam was administered as needed. Tumour
burden was assessed at 2 weeks post-intracardiac injection via bioluminescence imaging. Mice were injected intraperitoneally
with luciferin (150 mg/kg) 5 min prior to bioluminescence imaging under anaesthesia. Experiments were performed using n= 8
mice per group for experimental groups (EnzR EVs; EnzR EVs+HDLNP) and n= 5 mice were used for the PBS control group.

. Adhesion assay

Recombinant type I collagen (Sigma), TSP1 (R&D Systems), and VCAN (Ray Biotech) were diluted to 100 μg/ml in PBS. All
ECM substrates were then prepared at a final total protein concentration of 5 μg/ml using the appropriate combination of each
of the three components. The remainder of the substrate that did not call for TSP1 or VCAN was filled with type I collagen. For
instance, a condition that called for 5% TSP1, 45% VCAN would be prepared by adding 5 equivalents of TSP1, 45 equivalents
of VCAN, and 50 equivalents of type I collagen. Substrates were then sonicated to achieve greater alignment of ECM fibrils.
100 μl of each substrate were then added in triplicate to wells in 96-well plates and incubated for 2 h at room temperature.
Excess substrates were then removed by inverting the 96-well plate over a plastic reservoir and tapping gently.Wells were washed
twice with PBS and blocked with DMEM containing 10% FBS for 30 min at 37◦C. Wells were washed once with PBS and 50,000
EnzR CWR-R1 cells were added to each well in full serum-containing culture medium and incubated at 37◦C in an IncuCyte S3
system to enable live cell imaging of the adhesion process. Cells were imaged at 15 min intervals for the first 2 h and then every
hour for the next 6 h. IncuCyte Analysis software was then used to analyse the results. Statistical testing was performed using
three distinct biological replicates. Each data point from a single biological replicate represents the mean confluence across five
technical replicates (distinct images from five different parts of the same tissue culture well).

. RNA isolation for sequencing

For CD11b+ bone marrow cell RNA sequencing studies, male C57BL/6 mice were subjected to three rounds of tail vein injec-
tions with EnzR EVs (10 μg EV protein per injection, 100 μl) or vehicle control (PBS) at 48 h intervals. One group of mice was
also subjected to three rounds of HDL NP injections (100 μM, 100 μl) via tail vein on alternating days from EnzR EV injections,
beginning 24 h prior to the first EnzR EV injection. 24 h after the final injection, mice were euthanized and bone marrow cells
were isolated as described above. CD11b+ cells were then isolated from the bone marrow population using a commercially avail-
able separation kit (EasySep) according to the manufacturer’s instructions. mRNA was then isolated using RNeasy isolation kit
(Qiagen). Experiments were performed using n = 3 mice per group for CD11b+ RNA isolation and sequencing.

. RNA sequencing of CDb+ mouse bone marrow cells

Stranded total RNA-seq was conducted in the Northwestern University NUSeq Core Facility. Briefly, total RNA examples were
checked for quality on Agilent Bioanalyzer 2100 and quantified with Qubit fluorometer. The Illumina TruSeq Stranded Total
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RNA Library Preparation Kit was used to prepare sequencing libraries from 200 ng of total RNA samples. The Kit procedure was
performed without modifications. This procedure includes rRNA depletion, remaining RNA purification and fragmentation,
cDNA synthesis, 3′ end adenylation, Illumina adapter ligation, library PCR amplification and validation. lllumina NextSeq 500
Sequencer was used to sequence the libraries with the production of single-end, 75 bp reads.
The quality of DNA reads, in FASTQ format, was evaluated using FastQC. Adapters were trimmed, and reads of poor quality

or aligning to rRNA sequences were filtered. The cleaned reads were aligned to theMus musculus genome (mm10) using STAR
(Dobin et al, 2013). Read counts for each gene were calculated using htseq-count (Anders et al, 2015) in conjunction with a gene
annotation file for mm10 obtained from UCSC (University of California Santa Cruz; http://genome.ucsc.edu). Normalization
and differential expression were determined using DESeq2 (Love et al, 2014). The cutoff for determining significantly differen-
tially expressed genes was an FDR-adjusted P-value less than 0.05. A pathway analysis was performed on both gene lists using
GeneCoDis (Tabas-Madrid et al, 2012; Nogales-Cadenas et al, 2009; Carmona-Saez et al, 2007) to identify pathways enriched
with genes that are upregulated and downregulated. Results were obtained from n= 3 mice per group. RNA sequencing data has
been uploaded to NCBI GEO database (Accession: GSE158012).

. Western blot

For Western blotting, 20 μg or 5 μg of total protein were used for cell lysates and EV protein respectively. Samples were diluted
in Laemmli buffer and incubated at 98◦C for 5 min. Protein samples were resolved using Tris/Glycine/SDS pre-cast polyacry-
lamide gels and a BioRad Western blot system running at 200 V for 32 min. Protein was transferred from polyacrylamide gel
to polyvinylidene fluoride membranes via wet transfer for 90 min at 70 V. Membranes were then blocked in 5% non-fat milk in
TBS-Tween (0.1% Tween 20) for 1 h at RT. Membranes were incubated with primary antibodies at dilutions recommended by the
manufacturer (anti-CD9, Cell Signaling Technology, Cat#: D8O1A, 1:500 dilution; anti-CD63, Novus Biologicals, Cat#: NB100-
77913, 1:250 dilution; anti-flotillin-1, BD Biosciences, Cat#: 610820, 1:500 dilution; anti-GM130, BD Biosciences, Cat# 610822,
1:500 dilution) in blocking buffer for either 3 h at RT or overnight at 4◦C, washed three times in TBS-Tween for 10 min, and
incubated with HRP-conjugated secondary antibodies in blocking buffer for 1 h at RT. Membranes were then washed three times
in TBS-Tween for 10 min and developed in ECL detection reagents (GE Healthcare).

. Statistics and reproducibility

All statistical analyses were performed using GraphPad Prism. Statistical significance was calculated using either unpaired two-
tailed Student’s t-test or one-way ANOVAwith Tukey’s post-hoc test, two-sided. *P< 0.05, **P< 0.01, ***P< 0.001. No statistical
methods were used to pre-determine sample sizes, blinding, or randomization methods. The precise n for all experiments is
explicitly indicated in each relevant Materials and Methods section, as well as in the main text and figure captions for select
experiments. Details regarding the use of technical and biological replicates are described in the Materials and Methods.

 RESULTS ANDDISCUSSION

We first characterized a previously unreported axis of intercellular communication between PCa cells and bone marrowmyeloid
cells. We selected enzalutamide resistant (EnzR) CWR-R1 cells as a source of EVs (EnzR EVs) and as a model of bone metastatic
PCa. These cells exhibit two important characteristics of late stage PCa in humans: 1) resistance to anti-androgen therapy, and 2)
a propensity to seed clinically relevant sites of PCa metastasis (e.g., lung, bone, and liver) when systemically injected into mice
(Kregel et al., 2016). EVs from normal prostate epithelial cells (PNT2 EVs) were used as a control. EnzR and PNT2 EVs were
characterized by multiple complementary techniques in accordance with the most recent guidelines for characterization of EVs
(Thery et al., 2018). The size and morphology of EnzR and PNT2 EVs were evaluated using transmission electron microscopy
(TEM) and dynamic light scattering (DLS). TEM revealed vesicles exhibiting a cup-shaped morphology typical of sEVs (Fig-
ure 1a and b), while DLS demonstrated hydrodynamic diameters in the size regime of sEVs (EnzR:DH = 101.0± 23.0 nm, PNT2:
DH = 83.56 ± 31 nm) (Figure 1d and e). Both EnzR and PNT2 EVs expressed EV proteins (CD63, CD9, and Flotillin-1), while
they importantly lacked the cis-Golgi marker GM130 (Figure 1f), indicating EV isolates of high purity. Moreover, we found that
EnzR CWR-R1 cells produced approximately five-fold more EVs (EV protein per cell) than PNT2 cells (Figure 1c).
The site where circulating tumour cells initially seed the bone, whether in the appendicular or axial skeleton, is the highly

vascular bone marrow compartment (Alix-Panabieres, Riethdorf, & Pantel, 2008; Bidard et al., 2007; Pantel, 2010). Therefore,
we first investigated whether EnzR EVs were efficiently taken up by bone marrow cells in vitro and in vivo. We found that
fluorescently labelled (DiI) EnzR EVs were robustly uptaken by primary cultures of mouse bone marrow macrophages (BMMs)
(Figure S1a) and by mouse bone marrow-resident cells in vivo (Figure 2a and b) as determined by immunocytochemistry and

http://genome.ucsc.edu
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F IGURE  Characterization of EnzR and PNT2 EVs. Transmission electron microscopy imaging of (a) EnzR EVs and (b) PNT2 EVs. (c) Quantification of
EV production by enzalutamide resistant CWR-R1 cells (EnzR) and normal prostate epithelial cells (PNT2). Size distribution profiles of (d) EnzR EVs and (e)
PNT2 EVsmeasured by dynamic light scattering. (f)Western blots of EnzR and PNT2 EVs and cell lysates for EV-enriched proteins (CD63, CD9, and Flotillin-1)
and the non-EV, cis-Golgi protein GM130

flow cytometry, respectively. Notably, EnzR EVs were taken up by bone marrow cells in vivo to a greater extent than PNT2 EVs
by approximately five-fold (Figure 2b) (mean frequency of EV+ cells: PNT2 = 0.031%, EnzR = 0.14%).
Next, we defined the target cell populations of EnzR EVs in the bone marrow compartment with greater specificity. The popu-

lation of EV-targeted cells was interrogated formyeloid,monocytic, and granulocyticmarkers (CD11b, Ly6C, Ly6G, respectively).
We found that the EnzR EV-positive cell population was enriched in CD11bhigh, Ly6Chigh cells (monocytes) (40.0%) compared
to the baseline frequency in total bonemarrow (20.3%) (Figure 2a and c). By contrast, there was no difference in the frequency of
Ly6G expressing cells (Figure S1b) between EnzR EV-targeted cells and total bone marrow cells, indicating preferential commu-
nication of EnzR EVs with monocytic over granulocytic BMDCs. Interestingly, the population of cells targeted by EnzR EVs was
enriched in both CD11blow, Ly6Chigh and CD11bhigh, Ly6Chigh cells (Figure 2c). Both of these cell types have been recognized as
osteoclast precursor populations (Jacome-Galarza, Lee, Lorenzo, & Aguila, 2013; Takegahara et al., 2016), which led us to further
investigate the impact of EnzR EVs on osteoclast differentiation as a feature of PMN formation later in the study.
Next, we performed RNA sequencing of target bone marrowmyeloid cells (CD11b+) to identify alterations in gene expression

induced by EnzR EVs. To do this, we simulated PMN formation in vivo according to precedent literature (Costa-Silva et al., 2015;
Peinado et al., 2012; Plebanek et al., 2017) by subjecting mice to three rounds of systemic injections of EnzR EVs, a process we
define as “conditioning”. The most significantly upregulated and downregulated genes by EnzR EV conditioning are displayed in
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F IGURE  EnzR EVs mediate intercellular communication with bone marrow myeloid cells in vivo. (a) In vivo uptake of DiI-labelled EnzR and PNT2
EVs in mouse bone marrow (top panel). Bottom panel displays the distribution of CD11b and Ly6C expressing cells. (b) Quantification of in vivo uptake of EnzR
and PNT2 EVs in mouse bone marrow. (c) Distribution of CD11b and Ly6C expressing sub-populations in EV-targeted cells vs. PBS-treated control total bone
marrow. (d) Alterations in gene expression of CD11b+ bone marrow cells harvested from mice conditioned with EnzR EVs, determined by RNA sequencing
(n = 3 per group), in relation to PBS treated control. (e) Entrez gene names for the genes with the greatest log2 fold changes in response to conditioning with
EnzR EVs. One-way ANOVA with Tukey’s method, two-sided was used to determine significance. *P < 0.05, **P < 0.01. Data are mean ± s.e.m

Figure 2d. Two of the altered genes were of particular interest with respect to PMN formation: thrombospondin-1 (TSP1; THBS)
was the most significantly downregulated gene, while the chondroitin sulfate proteoglycan, versican (VCAN), was significantly
upregulated. Interestingly, TSP1 and VCAN have each been reported to play significant roles at the lung PMN; and in both cases,
myeloid cells were responsible for aberrant TSP1 or VCAN expression (Catena et al., 2013; Gao et al., 2012). To our knowledge,
neither of these alterations has been reported at the bone PMN, or in PCa bone metastases. Using Gene Ontology clustering
analysis, we observed that the most upregulated biological processes were related to cell division and proliferation (Figure 2d),
while NF-κB activity was also upregulated. Activation of NF-κB signalling was later confirmed using an in vitro reporter system
(Figure 3b). Among the most significantly downregulated processes were regulation of cell adhesion and response to wounding,
both of which are relevant to PMN formation.
Because EnzR EVs targeted osteoclast precursor populations in vivo (Figures 2c and 3a), we hypothesized that EnzR EVs may

promote osteoclast differentiation as a feature of bone PMN formation. In the setting of bone metastasis, increased osteoclast
and osteoblast activity is favourable for tumour cells due to the constitutive release of nutrients and growth factors caused by
rapid bone formation and resorption (Shiozawa, Eber, Berry, & Taichman, 2015; Weidle, Birzele, Kollmorgen, & Ruger, 2016;
Zheng, Li, & Kang, 2016). Elevated osteoclast activity in particular is associated with increased burden of bonemetastases in PCa
(Hirata et al., 2016; Keller & Brown, 2004; Roato et al., 2008; Sottnik & Keller, 2013). Moreover, an inhibitor of the osteoclast
activating protein, receptor activator of NF- κB ligand (RANKL), delayed the development of bone metastasis among patients
with high risk PCa (Smith et al., 2012). To test the impact of EnzR EVs on osteoclast activity, we first used a well-established in
vitro model system (RAW264.7 cells) for osteoclast differentiation (Collin-Osdoby & Osdoby, 2012). We found that EnzR EVs
promoted osteoclast differentiation in vitro with and without the addition of RANKL (Figure 3c). Confirming these findings in
vivo, we observed that osteoclasts weremore abundant in the hind limbs ofmice conditionedwith EnzR EVs compared to vehicle
(PBS) control, while PNT2 EVs had no impact on osteoclast differentiation (Figure 3d) (Figure S2a). We also found that EnzR
EVs stimulated NF-κB activity (a critical intracellular signalling pathway for osteoclast differentiation) in human monocytes
in a dose-dependent manner (Figure 3b). We hypothesized that EnzR EVs may express RANK ligand (RANKL) as a means to
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F IGURE  EnzR EVs stimulate NF-κB signalling and promote osteoclast differentiation. (a) Quantification of the frequency of EV-targeted cells in mouse
bone marrow that are potential osteoclast precursors (CD11bhigh, Ly6Chigh or CD11blow, Ly6Chigh) (n= 3 per group). Osteoclast precursor % reflects the percent
of DiI positive bone marrow cells (EV treated) or total (PBS treated) bone marrow cells that were osteoclast precursors. (b) NF-κB activity assay using THP1-
Dual monocytes treated with varying concentrations of EnzR EVs (n = 4 per group). Absorbance reflects secreted alkaline phosphatase (SEAP) activity which
is indicative of NF-κB activation. (c) In vitro osteoclast differentiation assay using RAW264.7 osteoclast precursor cells. TRAP+ (dark staining), multinucleated
cells are osteoclasts. Scale bars are 50 μm. (d) TRAP staining of hind limb bones. Arrowheads indicate osteoclasts (TRAP+multi-nucleated cells, inside or outside
lacunae). Scale bars are 200 μm. One-way ANOVA with Tukey’s method, two-sided was used to determine significance. ***P < 0.001. Data are mean ± s.e.m

stimulate osteoclast differentiation, howeverWestern blot revealed no RANKL expression in EnzR EVs, in contrast with positive
control PC3 EVs (Figure S2b).
Recent evidence suggests that EV-mediated intercellular communication may be influenced by cholesterol homeostasis in

recipient cells. For instance, treating target cells with the non-specific cholesterol sequestrant, methyl-β-cyclodextrin (MβCD),
can reduce EV uptake by disrupting lipid rafts at the cell surface (Svensson et al., 2013). As a result, we hypothesized that PCa
EV-mediated signalling with bone marrow cells may be inhibited or abolished by reducing cholesterol in the target bone mar-
row cells. To thoroughly investigate this hypothesis in vivo, we required an agent that reduces cellular cholesterol in a manner
similar to MβCD, while also being compatible with systemic delivery in animal models. In mammals, cholesterol transport is
mediated by endogenous lipoproteins that circulate in the bloodstream. The lipoprotein sub-species that is primarily responsible
for reducing cellular cholesterol in vivo is high-density lipoprotein (HDL) (Lund-Katz & Phillips, 2010). Therefore, we employed
a nanoparticle mimic of native HDL (HDL NP) (Figure S3) which we have previously characterized for in vitro inhibition of EV
uptake (Plebanek et al., 2015), but which is also compatible with systemic delivery in vivo. HDL NPs inhibit EV uptake in a man-
ner similar to MβCD by reducing cellular cholesterol and disrupting lipid raft stability (Plebanek et al., 2015). Importantly, HDL
NPs specifically target cells expressing the high-affinity receptor for HDL, scavenger receptor B-1 (SR-B1), including myeloid-
derived cells (Plebanek, Bhaumik, Bryce, & Thaxton, 2018), and have demonstrated no significant toxicities when used in animal
models (Henrich & Thaxton, 2019; Rink et al., 2018; Yang et al., 2013). Therefore, we investigated the cholesterol dependence of
EnzR EV-mediated intercellular communication with myeloid cells using HDL NPs. The HDL NP synthesis scheme is depicted
in Figure S3.

We first confirmed that mouse bone marrow myeloid cells expressed SR-B1 and would therefore be susceptible to HDL NP-
mediated reduction of cellular cholesterol (Figure 4a).Next, we demonstrated thatHDLNP treatment reduced cellular cholesterol
in myeloid-derived cells using human monocytes in an in vitro radiolabel assay (Figure 4b). We then confirmed that HDL NPs
reducedmyeloid cellular cholesterol in vivo by treatingmicewithHDLNPs prior to harvesting bonemarrow cells and quantifying
cellular cholesterol. Systemically injected HDL NPs entered the bone marrow compartment and reduced cellular cholesterol in
the total bonemarrow cell population (Figure 4c and d). Importantly, we observed a pronounced reduction of cellular cholesterol
in bone marrow monocytes specifically (Figure 4e), the dominant target cell population of EnzR EVs.
We then investigated whether HDL NP treatment inhibited EnzR EV-mediated intercellular communication with myeloid

cells in vitro and in vivo. We first found that HDL NPs inhibited EnzR EV uptake by BMMs in a time and dose-dependent
fashion (Figure 5a–d). Next, we observed that systemic administration of HDL NPs reduced the uptake of EnzR EVs by bone
marrow-resident cells in vivo via flow cytometry (Figure 5e). Importantly, to demonstrate target specificity, we found that HDL
NP treatment had no impact on EnzR EV uptake in BMM cultures from SR-B1–/- mice (Figure S4), indicating that HDL NP-
mediated inhibition requires SR-B1. To determine whether the cholesterol dependence of PCa EV uptake in BMMswas restricted
to EVs derived from EnzR CWR-R1 cells, in vitro uptake experiments were repeated using PCa EVs derived from DU145, PC3,
LNCaP, EnzR LNCaP, and CWR-R1 (non-resistant) cells. HDLNPs were found to significantly inhibit the uptake of each of these
PCa EV populations in BMMs (Figure S5), strongly suggesting that the cholesterol dependence of PCa EV communication with
bone marrow-resident cells is a general phenomenon.
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F IGURE  Bone marrow myeloid cells express SR-B1 and are susceptible to HDL NP-mediated reduction of cellular cholesterol in vitro and in vivo.
(a) Immunocytochemistry of primary mouse BMM cultures to detect expression of the native HDL receptor (and target receptor of HDL NPs), SR-B1. Scale
bar = 50 μm. (b) Cellular cholesterol measurements of THP1 monocytes after treatment with HDL NPs or PBS in a radiolabel assay. (c) Bone marrow cell
pellets harvested from mice after systemic injection of HDL NPs (100 μl, 1 μM) or PBS. Yellow/red discoloration is imparted by the gold nanoparticle core. (d)
Quantification of cellular cholesterol in total bone marrow cells after systemic injection with HDL NPs or PBS. (e) Quantification of cellular cholesterol in bone
marrowmonocytes (EasySep Isolation Kit) after systemic injection with HDL NPs or PBS. One-way ANOVAwith Tukey’s method, two-sided (b) and two-sided
Welch’s t-test (d,e) were used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001. Data are mean ± s.e.m

Next, we determined the impact of HDL NPs on EnzR EV function. We found that HDL NPs inhibited EnzR EV-mediated
NF-κB signalling (Figure 5f) and abolished EnzR EV-induced osteoclast differentiation in vitro and in vivo (Figure 5 g) (Figure
S2). Importantly, we also found that HDL NP pre-treatment prevented EnzR EV-mediated reduction of TSP1 gene expression in
bone marrow myeloid cells in vivo (Figure S6a). Interestingly, HDL NP pre-treatment did not impact the increased expression
of VCAN caused by EnzR EVs (Figure S6b).

Using a metastatic PCa mouse model which has been shown to establish tumours at clinically relevant sites of PCa metastasis
[29], we then tested whether EnzR EV conditioning promoted metastatic tumour burden. A timeline of the model, injection
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F IGURE  EnzR EV-mediated intercellular communication with bone marrow myeloid cells is inhibited by reduction of myeloid cellular cholesterol. (a)
In vitro uptake of DiI-labelled EnzR EVs (red) in murine BMMs pre-treated with HDL NPs at varying concentrations. Green: actin. Blue: DAPI. Scale bars are
50 μm. (b) In vitro uptake of DiI-labelled EnzR EVs (red) at two different time points in BMMs pre-treated with HDL NPs. Scale bars are 50 μm. (c) Dose and
(d) time dependence of HDL NP-mediated inhibition of EnzR EV uptake. (e) In vivo uptake of DiI-labelled EnzR EVs in total mouse bone marrow with and
without HDL NP pre-treatment, via flow cytometry. (f) NF-κB activity in human monocytes treated with EnzR EVs with and without HDL NP pre-treatment.
(g) TRAP staining of RAW264.1 cells (left panel) or mouse hind limb sections (right panel) after conditioning with EnzR EVs and pre-treatment with HDL NPs.
Scale bars are 50 μm (left panel) and 200 μm (right panel). One-way ANOVA with Tukey’s method, two-sided (c,d,f) and two-tailed Welch’s t-test (e) were used
to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001. Data are mean ± s.e.m

scheme, and monitoring with bioluminescence imaging is shown in Figure 6a. To specifically determine whether EnzR EV con-
ditioning altered the initial seeding and growth of tumour cells, we quantified metastatic tumour burden at two weeks after
intracardiac injection of tumour cells. We found that EnzR EV conditioning significantly enhanced metastatic tumour burden
(Figure 6b). Strikingly,mice that were pre-treatedwithHDLNPs in addition to EnzR EV conditioning exhibited no enhancement
of metastatic tumour burden (Figure 6b and c).
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F IGURE  EnzR EVs enhance metastasis in a mouse model of metastatic PCa in a cholesterol-dependent manner, and alter the composition of the bone
marrow ECM. (a) Timeline for the metastatic PCa mouse model, with EnzR EV and HDL NP injection scheme. BLI = bioluminescence imaging. (b) Metastatic
PCa tumour burden at two weeks post-intracardiac injection of tumour cells via BLI. (c) Quantification of metastatic tumour burden at two weeks for mice
treated with PBS (n = 5), EnzR Exo (n = 8), or EnzR Exo +HDL NP (n = 8). (d) Immunohistochemistry of hind limb bone tissue frommice treated with EnzR
EVs or vehicle (PBS) control (left panel), and ECM quantification (right panel). Scale bars are 200 μm. One-way ANOVA with Tukey’s method, two-sided was
used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001. Data are mean ± s.e.m

We then sought to shed additional light on the mechanism by which EnzR EV conditioning led to enhanced metastasis.
Motivated by the RNA sequencing results in Figure 2d, we proceeded to determine whether pro-tumorigenic alterations in the
mRNA expression of TSP1 and VCAN in CD11b+ cells were reflected in the protein content of the bone marrow niche in gen-
eral. Immunohistochemistry revealed that EnzR EV-conditioned mice exhibited reduced TSP1 and increased VCAN expression
in the bone marrow compartment (Figure 6d), consistent with RNA sequencing results. Type I collagen, by contrast, remained
stable with EnzR EV conditioning. Moreover, PNT2 EVs did not significantly impact TSP1 or VCAN expression (Figure 6d).
We hypothesized that EnzR EV-induced alterations in TSP1 and VCAN expression may enhance the ability of tumour cells to
seed the metastatic microenvironment by increasing stable cellular adhesion to the ECM. To test this, we conducted an in vitro
cellular adhesion assay in which the ECM composition of two-dimensionally coated tissue culture wells was varied, using Type I
collagen as a filler material. Live cell imaging was used to determine the efficiency with which EnzR CWR-R1 cells adhered and
spread to each substrate. Confluence curves exhibited consistent trends across samples, enabling us to identify distinct adhesion
and proliferation phases, with the adhesion phase taking place during the first 4 h (Figure S7). Consistent with our hypothesis,
we found that greater proportions of TSP1 in ECM coatings led to diminished adhesion of EnzR CWR-R1 cells, while greater
proportions of VCAN increased adhesion (Figure 7a–e). While there were no statistical differences between groups with 5, 15,
and 45%VCAN substrates, there was a significant increase in cellular adhesion between 15 and 45%VCAN compared to collagen
only control (Figure 7c). The trends observed for TSP1 and VCANwere consistent when each protein was varied in isolation, and
when the two proteins were co-varied in the same substrates (Figure 7d). Our findings are consistent with previous reports that
TSP1 can function as an anti-adhesive matricellular protein in other settings (Murphy-Ullrich & Hook, 1989; Murphy-Ullrich
et al., 1991).
A graphical abstract summarizing the cholesterol-dependence of PCa EV-mediated signalling in the bone marrow compart-

ment is displayed in Figure 8.
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F IGURE  Reduced TSP1 and elevated VCAN are favourable for PCa tumour cell adhesion to the ECM. (a) Live cell imaging of EnzR CWR-R1 cells seeded
onto ECM substrates varying in Type I collagen, TSP1, and VCAN. Snapshot images shownwere taken 4 h after seeding. Scale bars are 400 μm. (b) Quantification
of EnzR CWR-R1 cell adhesion to collagenous ECM substrates with variable TSP1 composition, (c) varying VCAN composition, and (d) co-varying TSP1 and
VCAN composition. (e) Aggregate analysis at 4 h post-seeding of changes in cellular adhesion of EnzR CWR-R1 cells to substrates with univariate changes in
TSP1 and VCAN composition. One-way ANOVA with Tukey’s method, two-sided was used to determine significance. *P < 0.05, **P < 0.01. Data are mean ±
s.e.m

F IGURE  Graphical abstract illustrating the cholesterol-dependence of PCa EV communication with bone marrow cells and metastasis. Top right panel
depicts PCa EV communication with bone marrow myeloid cells with no cholesterol-modifying intervention, in which bone marrow-resident myeloid cells are
rich in cholesterol. Bottom right panel depicts PCa EV communication with bone marrow cells after HDL NP treatment, in which the cholesterol content of
bone marrow-resident myeloid cells is reduced
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 CONCLUSIONS

Over the past two decades, Stephen Paget’s prescient 19th century “seed and soil” hypothesis has now developed into a diverse
literature on PMN formation, a significant portion of which attests to the important role that EVs play in promoting metastasis.
However, modifiable factors intrinsic to pre-metastatic sites that render them more or less permissive to pro-metastatic EV
signalling have not been identified. Our results show that a crucial PMN target tissue, bone marrow, can be rendered resistant to
the transduction of PCa EV signalling by reducing myeloid cell cholesterol. Consistent with these findings, metabolomic studies
have previously demonstrated that bone metastases are heavily laden with cholesterol compared to healthy bone, and PCa bone
tumours in particular bear especially high cholesterol burdens (127.3 vs. 35.85 mg/g tissue) (Thysell et al., 2010). Further, elevated
serum total cholesterol and reduced HDL cholesterol are both associated with progression of locally confined PCa to metastatic
PCa (Mondul, Clipp, Helzlsouer, & Platz, 2010; Platz et al., 2009; Platz, Clinton, &Giovannucci, 2008; VanHemelrijck et al., 2011),
while statin use is also associated with reduced incidence of advanced disease (Jacobs et al., 2007). Our results provide evidence
for a PMN-based mechanism that could partly explain these clinical and epidemiological observations.
Aberrant cholesterol homeostasis can influence cancer progression and metastasis by perturbing neoplastic cells directly

(Alfaqih et al., 2017; Gallagher et al., 2017; Jiang et al., 2019). However, it perhaps shouldn’t be surprising that cholesterol, and
likely other metabolic factors, also play critical gate-keeping roles with respect to the reception of pro-metastatic signals by target
cells at distant sites, whichwe demonstrate here.We anticipate that these results will motivate strategic diagnostic and therapeutic
interventions aimed at preventing metastasis by modulating global, site-specific, or cellular metabolic factors that regulate PMN
formation. More generally, these results contribute to our understanding of how intercellular communication is deciphered by
recipient cells according to their cholesterol metabolic state.
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