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Prostate cancer, once it has progressed from its local tometastatic form, is a diseasewith poor prognosis and lim-
ited treatment options. Herewe demonstrate an approach using nanoscale liposomes conjugatedwith E-selectin
adhesion protein and Apo2L/TRAIL (TNF-related apoptosis-inducing ligand) apoptosis ligand that attach to the
surface of leukocytes and rapidly clear viable cancer cells from circulating blood in the living mouse. For the
first time, it is shown that such an approach can be used to prevent the spontaneous formation and growth of
metastatic tumors in an orthotopic xenograft model of prostate cancer, by greatly reducing the number of circu-
lating tumor cells.We conclude that the use of circulating leukocytes as a carrier for the anti-cancer protein TRAIL
could be an effective tool to directly target circulating tumor cells for theprevention of prostate cancermetastasis,
and potentially other cancers that spread through the bloodstream.
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1. Introduction

Prostate cancer (PCa) is the second most common cancer in men,
with an estimated 1.1 million newmen diagnosed with prostate cancer
and 307,000 deaths worldwide in 2012 [1]. When detected at an early
stage, the 5-year survival rate for PCa is close to 100%. In contrast, if di-
agnosed at a late stagewith advancedmetastatic disease, the 5-year sur-
vival decreases to 33% [1]. While effective therapies exist to treat
primary tumors of the prostate, metastatic disease is generally consid-
ered incurable [2]. The primary tumor sheds tumor cells into the circu-
lation, which can then transit through the bloodstream to form
metastases in tissues of the bones, liver, lungs, and other organs [1,3].
Clinically, the detection and quantification of circulating tumor cells
(CTCs) in PCa patient blood samples before and after treatment are a
strong predictor of patient survival — indeed, chemotherapies that
cause a net reduction of CTC count from above, to below 5 cells per
7.5 mL of blood (as measured via CellSearch technology) are correlated
with improved survival outcomes [4,5]. However, the direct targeting of
CTCs as a means to interrupt the metastatic process has gone largely
unexplored.

TRAIL is a promising cancer therapeutic because of its ability to in-
duce apoptosis in tumor cells but not normal cells. Since the discovery
of TRAIL there have been numerous preclinical trials that showed prom-
ising anticancer activity. These results led to the use of TRAIL-receptor
agonists (TRAs) in dozens of clinical trials. Unfortunately, the outcomes
failed to reach their early promise. Primary reasons cited for this failure
include the selection of TRAs thatwerewell tolerated but showed lower
agonist activity, and the realization that many primary cancer cells ex-
hibit resistance to TRAIL therapy. Consequently, there has been a push
for developing higher-order configurations of TRAIL to increase potency
and for developing chemical sensitizers.

Despite these early disappointing results in treating solid tumors,
TRAIL has special potency for treating metastasis and in particular in-
ducing apoptosis to circulating tumor cells within the bloodstream. Pre-
vious studies suggest that genetic expression of TRAIL receptors is
decreased in anchored tumor cells and further that detachment of
tumor cells from the primary tumor sensitizes cells to apoptosis [6–8].
Moreover, blocking integrin-mediated cell adhesion has been found to
cause increased sensitivity to TRAIL apoptosis [9]. When considering
the physiologic conditions of the blood circulation, tumor cells show in-
creased sensitivity to TRAIL-mediated apoptosis within the shear stress
environment of the blood circulation. Tumor cells exhibited greater
TRAIL-mediated apoptosis proportional to higher shear stress condi-
tions in a manner that was not recapitulated when treating cells with
doxorubicin [10]. Based on this collective evidence, technology that
can maximize TRAIL capacity to bind to circulating tumor cells could
prove to be quite beneficial.

Immune-based therapies are a promising alternative to radiation
and chemotherapy treatment of prostate cancer. Currently, the standard
of treatment includes radical prostatectomy, hormone therapy, radia-
tion therapy and chemotherapy [2,11]. The success of these therapies
is often limited, as many patients become resistant to conventional
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Fig. 1. Pharmacokinetic dynamics of TRAIL-coated leukocytes. (A) Scatter plots showing percentage of circulating mouse leukocytes staining positive for surface bound human TRAIL
protein. (B) Confocal micrograph of a mouse leukocyte presenting human TRAIL protein on its surface at t = 72 h (Scale bar = 10 μm).
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therapies once the primary tumor has metastasized [12]. Prostate can-
cer lends itself to immunotherapies owing to the strong interaction of
host immune cells with prostate cancer cells. Nanomedicine combined
with immunotherapy is becoming more attractive as formulations
offer customizable functionality, improved pharmacokinetics, and
targeting specificity. Functionalizing leukocytes to carry therapeutic
nanoparticles has gained attention within the last decade. Largely,
these have taken the form of ex vivo manipulations of immune cells.
However, few if any studies have utilized immune cells themselves as
a carrier for anti-tumor agents.

Recently, we described a unique nanomedicine approach to target
and kill CTCs within the flowing blood [13]. Nanoscale liposomes were
conjugatedwith two proteins: E-selectin (ES), a vascular adhesionmol-
ecule important in inflammation that binds to carbohydrate ligands on
all leukocytes and many types of CTCs, and TRAIL, a protein produced
by immune cells that induces apoptosis in cancer cells but has minimal
effect on normal cells. When injected into the bloodstream, ES/TRAIL li-
posomes attach to the surface of peripheral blood leukocytes, which
then become cytotoxic to any cancer cells present in the blood. Under
physiological flow conditions, this results in near complete elimination
of viable cancer cells within 2 h of shearing human blood samples
ex vivo, or following liposome and cancer cell injection into the mouse
circulation. The aim of the current study was to determine whether
ES/TRAIL liposomes could be effective in preventing new metastatic
tumor formation in a more realistic model of metastasis: one in which
a primary tumor grows and then begins to shed CTCs into the blood-
stream, which subsequently colonize distant organs. Orthotopic models
of prostate cancer have been widely characterized [14–17] and used to
investigate the effect of new therapeutics inmice. In this study,we dem-
onstrated the prevention of metastatic tumor development in an
orthotopic xenograft model of PCa, through the sustained delivery of ES/
TRAIL liposomes designed to induce apoptosis in circulating tumor cells.

2. Materials and methods

2.1. Preparation of sterile ES/T liposomes

Multilamellar liposomes, composed of egg L-α-
lysophosphatidylcholine (Egg PC), egg sphingomyelin (Egg SM), ovine
wool cholesterol (Chol), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl) iminodiacetic acid) succinyl] (nickel salt) (DOGS NTA-Ni)
at weight ratios 60%:30%:10%:10% (Egg PC/Egg SM/Chol/DOGS NTA-Ni),
Fig. 2. Test of ES/TRAIL liposomes to preventmetastasis in an orthotopicmodel of prostate cance
(B) Timeline for ES/T liposome efficacy trial in tumor-bearingmice. (C)Whole animal BLI of the v
the end of the trial (week 9) (D) Average radiance from the primary tumor. Comparisonswerem
timepoint. ES vs ES/TRAIL: % = (p b 0.05) %% = (p b 0.01). Buffer vs ES/TRAIL: ** = (p b 0.05)
were prepared using a thin lipid filmmethod. DOGS-NTA-Ni is a lipid con-
jugated to nickel-nitrilotriacetic acid (Ni-NTA) that allows for attachment
to his-tagged proteins. Briefly, stock solutions of all lipids were prepared
by dissolving powdered lipids in chloroform to produce a final concentra-
tion of 5 mg/mL Egg PC, 20 mg/mL Egg SM, 5 mg/mL Chol, and 20mg/mL
DOGS-NTA-Ni in glass containers and stored at −20 °C. Appropriate
volumesof the lipidswere taken from the stock solutions to combine lipids
in a glass tube and gently dried under nitrogen. To ensure complete re-
moval of chloroform, the lipids were left under vacuum for an additional
12 h. The lipid film was hydrated with a liposome buffer composed of
150 mM NaCl, 10 mM Hepes, and 1 mM MgCl2 dissolved in nuclease-
free water to create multilamellar liposomes. The resulting multilamellar
liposomes were sized by repeated thawing and freezing, and then
subjected to 15 extrusion cycles at 60 °C through two different pore size
(200 and 100 nm) polycarbonate membranes (Nucleopore; Whatman)
to produce unilamellar nanoscale liposomes. A standard autoclaving
cycle (15 min, 121 °C) was used to sterilize the liposomes after pumping
N2 gas into the liposomes in glass ampules to remove oxygen that can
cause liquid oxidation. The ampules were then placed in a vacuum
degasser to remove residual air and then transferred to autoclave
chambers for sterilization. No change in pH or size of the liposomes was
observed after autoclaving. The sterilized liposomes were allowed to cool
to 4 °C and then conjugated with recombinant human TRAIL and ES as
described previously. ELISAwas used to determine the final concentration
of ES and TRAIL on liposomes (R&D Systems). To remove unbound TRAIL
and ES, liposomes were diluted 1:6 with liposome buffer and subjected
to ultracentrifugation at 100,000 × g for 6 h at 4 °C. The mean particle
diameter and surface charge (zeta potential) were measured by dynamic
light scattering using a Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd.), according to the manufacturer's protocols. Unconjugated liposomes
were measured to be 103.4 ± 10.3 nm in diameter, with a zeta potential
of −3.5 ± 2.3 mV before autoclaving and 104.7 ± 17.2 nm in diameter,
with a zeta potential of −5.3 ± 1.1 mV after autoclaving. Conjugated
liposomes were measured to be 120.5 ± 5.7 nm in diameter with a zeta
potential of−8.3 ± 4.0 mV. The negative zeta potential upon autoclaving
could be attributed to the redistribution of phospholipids within the lipid
bilayer [18]. The conjugation of proteins on the liposome surface further
reduces the zeta potential, which could minimize their interaction with
negative plasma proteins in circulation [19]. This change was expected,
as the liposomes were not PEGylated and protein conjugation on non-
PEGylated liposomes have been shown to reduce the surface charge by
other groups [20].
r. (A) Schematic of orthotopic xenograft model for metastatic prostate cancer progression.
entral (left) and dorsal (right) side of representative animals fromeach treatment group at
ade via one-way ANOVAwith Tukey posttest. Error bars represent themean± SD at each

.
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Fig. 3. Quantification of bioluminescence signal of DU145 cells following orthotopic tumor implantation. (A) Increased bioluminescence signal from tumor growth over time.
(B) Bioluminescent signal from excised organs 5 weeks after tumor implantation (left) and age-matched control (right). (Scale bar = 1 cm) (C) Confocal micrographs of buffy coat
isolated from control mice (age-matched non-tumor bearing SCID mice) and mice bearing orthotopic DU145 tumor six weeks after implantation (blue, cell nuclei and red, mCherry
expressing DU145 cells). (Scale bar = 100 μm) (D) Number of CTCs per volume of blood, measured weekly after orthotopic implantation of tumor. n = 3 mice were analyzed each
week. Error bars represent the mean ± SD at each timepoint.
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ELISA was used to determine the final concentration of ES and TRAIL on
liposomes. Unconjugated proteinswere removed by ultracentrifugation
and liposomes were dissociated using 0.1% Triton X-100. The dissociat-
ed liposomes were then diluted at 1:10, 1:100 and 1:1000 with lipo-
some buffer and coated on 96-well ELISA plates, and a protocol
supplied by the manufacturer was used to determine the concentration
of ES and TRAIL using appropriate calibration curves created with stan-
dard ES and TRAIL provided with the ELISA kit.

2.2. Pharmacokinetics of ES/T liposomes

Freshly prepared nanoscale liposomeswere conjugatedwith recom-
binant E-selectin (ES) (16 ng/mL final concentration) and TRAIL
(8 ng/mL final concentration) for 30 min at 37 °C and then overnight at
4 °C, to ensure maximum protein binding via the interaction between
his-tag on recombinant proteins andNi-NTA on liposomes. To determine
the circulation half-life of ES/TRAIL liposomes in the peripheral
circulation of mouse, male NOD.CB17-Prkdcscid/J mice (6–8 week old,
Jackson Laboratories) received retro-orbital injections of either ES/
TRAIL liposomes or ES liposomes (120 μL per mouse). At t = 3, 36 and
72 h three mice were sacrificed to ensure maximum blood draw by
cardiac puncture. Blood from three mice was pooled for each time
point and peripheral polymorphonuclear and mononuclear cells were
isolated by density centrifugation on Histopaque-1077 (Sigma-Aldrich).
About 1 × 106 purified leukocytes were incubated for 45 min in dark at
4 °C with APC conjugated anti-CD45 (eBioscience), a pan-leukocyte



Fig. 5. Ex vivo BLI analysis reveals that ES/TRAIL liposomes block widespread metastasis. (A) Representative BLI images reveal the spread of DU145-Luc cells to lung, liver, kidney and
spleen across Buffer, ES, but not ES/T treatment groups (left-to-right). Scale bar = 1 cm. (B) Bioluminescent signal from each organ was quantified for each treatment groups: Buffer
(n = 8), ES-liposomes (n = 6), and ES/T (n = 6). Data are plotted on a log scale. Individual data points represent total organ signal from an individual animal. Superimposed box plots
bound the 25th to 75th percentage of all data points and thewhiskers extend 1.5 times the interquartile range beyond boxes. *p b 0.05, **p b 0.01 (one-way ANOVAwith Tukey posttest).

Fig. 4. ES/TRAIL liposome treatment is effective in significantly reducing the number of circulating tumor cells in blood. (A) Average number of CTCs in the peripheral circulation
posttreatment. n = 3 mice for each group. Bars represent mean ± SD for each group. (B) Representative fluorescent micrographs showing mCherry positive DU145 cells isolated from
whole blood of animals from different treatment groups at the end of the study. Scale bar = 100 μm. n = 6, 6, 6, and 3 for treatment groups ES/T, ES, Buffer, Buffer (ES/T),
respectively. Error bars represent the mean ± SD in each group. ***p b 0.0001.

219E.C. Wayne et al. / Journal of Controlled Release 223 (2016) 215–223



220 E.C. Wayne et al. / Journal of Controlled Release 223 (2016) 215–223
maker and its corresponding isotype control (eBioscience). To verify
liposome binding to circulating leukocytes, leukocytes were labeled
with FITC conjugated anti-human TRAIL (BD Biosciences) and analyzed
using a Guava easyCyte™ flow cytometer. At 72 h, labeled leukocytes
were imaged using a Zeiss confocal microscope to verify liposome
binding to circulating leukocytes. Appropriate isotype controls were
used for all flow cytometry experiments to determine the gating
procedure.

2.3. Prostate orthotopic implantation

Male NOD.CB17-Prkdcscid/J (Jackson Laboratory) mice 6–8 week old
were used for this study. Animals were placed under anesthesia using
5% isoflurane. Isoflurane was reduced to 2% after the animal was
completely anesthetized. Animals were shaved and cleaned using re-
peated application of iodine solution and 70% ethanol swabs. Using ster-
ile scalpel, a low midline abdominal incision about 1–3 mm wide was
created through the skin andmuscle layer. The ventral lobes of the pros-
tate were located and 1 million mCherry/Luciferase transfected DU145
cells suspended in 50 uL PBS were injected into the prostate gland
using a 30 G needle. Muscles and skin layers from the abdomen
wound were closed separately using Vetbond Tissue Adhesive (3 M).
Animals were monitored every 8 h and given analgesic medication for
3 days post-surgery. Animals were housed in pathogen free conditions
Fig. 6. ES/TRAIL treatment does not induce toxicity. (A) Serum levels of aspartate aminotran
treatment groups and aged matched controls at the end of the study. Bars represent mean ± S
from different treatment groups and aged matched controls. AST/ALT N2 indicates liver t
measurement from an individual animal. Blood was drawn prior to euthanasia. Control group
drug. (D) Weight of animals throughout the experiment. Each dot represents the average we
animals that received no tumor or drug. (E) Weight of excised organs post-mortem. (F) TUN
mean ± SD of each treatment group. NS = non-significant difference. Comparisons made usin
and all procedures were done under sterile conditions as approved by
the Cornell IACUC.

2.4. ES/TRAIL liposome treatment

Beginning at three weeks post-tumor implantation, animals
received retro-orbital injection of, E-Selectin/TRAIL (ES/T), E-selectin
only (ES), or liposome buffer (Buffer). Treatment was administered
once every three days and in alternating eye sockets. Injections were
performed under 2% isoflurane anesthesia and the eyes were protected
via application of eye ointment.

2.5. Circulating tumor cell (CTC) enumeration

After 9 weeks post-implantation, blood was collected from three
mice in each treatment group via cardiac puncture using a heparin-
coated syringe. Blood samples were carefully layered over 3 mL
Histopaque-1077 (Sigma-Aldrich) and centrifuged at 480 × g for
50 min at room temperature. The buffy coat containing mononuclear
cells and cancer cells was recovered and washed twice in resuspension
buffer, collected, and placed into culture at 37 °C and 5% CO2 under hu-
midified conditions for 6 h in a 24-well plate. The number of CTCs was
determined by counting mCherry positive DU145 cells in culture. Fluo-
rescent micrographs were taken at 100 randomly selected locations
sferase (AST) and alanine aminotransferase (ALT) liver enzymes in mice from different
D for enzyme levels from three mice in each treatment group. (B) AST/ALT ratio for mice
oxicity. (C) Systemic hematocrit of mouse blood. Each dot represents the hematocrit
(Control) represents age-matched and strain-matched animals that received no tumor or
ight (grams) of each animal. Control group represents age-matched and strain-matched
EL staining of liver from ES/T liposome and Buffer treated animals. Error bars represent
g one way-ANOVA. *p b 0.01, **p b 0.001.
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within each well, and total DU145 cells were estimated based on the
total well area and reported as the number of cells per mL of blood in
Fig. 3.

2.6. Bioluminescence imaging

Post-tumor implantation, animals weremonitoredweekly for biolu-
minescent activity. Luciferin was administered at 150mg/kg per animal
via intraperitoneal injection using 30 G insulin syringe needle. Animals
were placed under anesthesia using 2% isoflurane and imaged 5 min
postinjection for maximum bioluminescence signal. Images were
taken at 1 s exposure time using a Xenogen IVIS 200 Imaging System.
For the quantitative measurements of average radiance, the area of
the primary BLI was constant throughout all time points for each
animal.

For the ex vivo organ quantitative measurements of BLI activity, lu-
ciferin was injected into the animal 5 min before euthanasia. After eu-
thanasia, organs were immediately removed and placed in warm PBS
containing luciferin. Once all organs were collected, the organs were ar-
ranged on a black sheet and imaged for 120 s for all samples. Each ani-
mal was imaged within 5 min post-euthanasia for optimal detection of
luciferase activity. Luminescence imaging data was acquired using a
luminescence-imagingbox custom-built by staff at the Cornell Universi-
ty Biotechnology Resource Center.

Individual bioluminescent organ intensities were summed across
each image and divided by the number of pixels using a customMatlab
code. Background signal was subtracted from each image. Representa-
tive images from each treatment group were displayed.

2.7. Liver enzyme measurement

Human hepatocytes have shown sensitivity to TRAIL at sufficiently
high dosages and thus serum levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were measured to assess liver
function in treated mice. These proteins, if present in elevated levels in
serum, indicate leakage from damaged cells due to inflammation or ap-
optosis. These enzymes normally reside inside the cells and any damage
to the liver cells usually represents hepatocellular damage. Serum levels
of ALT and AST were analyzed using a Colorimetric Assay Kit
(BioVision).

2.8. Hematocrit

Blood was drawn via cardiac puncture using a 28 G heparin coated
syringe and collected in a heparinized tube. Two drops per animal
were placed in hematocrit tubes and spun for 2 min using CritSpin
Microhematocrit Centrifuge. The ratio of red blood cells to total blood
volume was used to calculate the hematocrit.

2.9. Weight

Every animal was weighted at least once per week throughout the
duration of the experiment. Control animal weight was contributed
from Jackson Laboratory website information about this specific strain.

2.10. Histology

After bioluminescence imaging, samples were transferred to 4% PFA,
stored overnight and then transferred to 30% sucrose in PBS. Samples
were then submitted to the Cornell Histology Lab for H&E staining and
scoring by a veterinary pathologist. For scoring purposes the pathologist
had no knowledge of which animals belonged to which treatment
groups. Representative images were acquired for presentation.

TUNEL staining was performed on 20-micron thick sections that
were incubated in TUNEL-mix (Roche) at 37 °C from 60 min. A DAPI
counterstain was applied for 3 min to label nuclei. Fluorescent images
were acquired immediately after staining and the image exposure
time was kept constant for each channel throughout each treatment
group.

3. Results and discussion

3.1. ES-TRAIL liposome coated leukocytes remain in circulation for at least
72 h

To determine an appropriate timescale for ES-TRAIL treatment, we
performed pharmacokinetic studies to determine the half-life of ES-
TRAIL in circulation. Blood cells were isolated frommouse blood follow-
ing injection of liposome treatment groups. Flow analysis was per-
formed to identify the population of cells expressing CD45, a
widespreadmarker for leukocytes, andhumanTRAIL. Itwasdetermined
that within 30 min, nearly 100% of leukocytes stained positive for
human TRAIL (Fig. 1). Since soluble TRAIL has been widely reported
by others as well as in our previous publications to have a half-life
b30 min and ineffective against circulating tumor cells, a soluble
TRAIL treatment groupwas not included. By 72h, only 10%of leukocytes
maintained surface TRAIL (Fig. 1). The half-life was thus estimated to be
~30 h. Based on the pharmacokinetics presented, animals were treated
every 72 h.

In a separate experiment, confocal imagingwas used to confirm that
72 h post-injection ES/TRAIL liposomes remained bound to the leuko-
cyte surface and had not been internalized (Fig. 1). In addition, the con-
focal images suggest that the exponential decrease in ES/TRAIL coated
leukocytes is not due to the shedding or unbinding of ES/TRAIL lipo-
somes from the leukocyte membrane (Fig. 1B). Rather, the half-life is
likely linked to the lifespan of circulating leukocytes themselves. As an
example, neutrophils are the most abundant leukocyte population and
have a short half-life of 6–8 h [21]. Thus, we expect that the emergence
of new cells and the death of older cells contribute to the decrease in
populations of ES/TRAIL liposome labeled leukocytes.

3.2. ES/TRAIL liposome coated leukocytes result in reduction in size of the
primary tumor

Dual labeled DU145-luc-mcherry prostate cells were orthotopically
injected into the prostate of NOD-SCID animals (Fig. 2A). We observed
that CTC populationswere detectable after 4 weeks (Fig. 3) and decided
to begin treatment in the precedingweek (Fig. 2B).Micewere sorted by
primary tumor size at week 2, and three tumor size-matched groups of
mice (n = 8 each) were formed. The experiment was terminated at
week 9 as a humane endpoint, as several of the mice in the two control
groups (buffer treatment, ES liposomes without TRAIL) showed visible
signs of distress such as skin lesions and lethargy. At week 9, whole an-
imal BLI showed the widespread presence of metastatic tumors
throughout the abdominal cavity in the two control groups, with no
macroscopic metastases visible in the ES/TRAIL treatment group
(Fig. 2C). Remarkably, ES/TRAIL liposomes also caused significant reduc-
tion in the growth rate of the primary tumor (Fig. 2D),with noBLI signal
detectable in treated mice when imaged from the dorsal side (Fig. 2C).
This difference in treatment group is likely due to ES-TRAIL liposomeex-
posure to the cells in the primary tumor due to leukocyte infiltration as
is typically associated with cancer inflammation [22]. Our previously
published data indicated that ES liposomesmay keep CTCs in circulation
by blocking the ES-mediated adhesion of CTCs to the endothelium [23].
The difference in the average radiance between the ES-only and Buffer
treatment groups, though not significantly different, suggests that leu-
kocytes functionalized with ES liposomes may also be interacting with
cells within the primary tumor. In this light, the stark difference in pri-
mary tumor growth between ES and ES/TRAIL treated animals corrobo-
rates that ES binding facilitates close interactions with cancer cells and,
when combined with the apoptosis inducing TRAIL, leads to efficient
cancer cell death.
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3.3. ES/TRAIL functionalized leukocytes reduce the number of circulating tu-
mor cells in a prostate orthotopic tumor model

In a previous publication, we showed that ES/TRAIL functionalized
leukocytes were able to kill over 90% of CTCs within 2 h of circulation
time using COLO 205 human cancer cells [23]. In the current study, we
sought to determine whether ES/TRAIL liposomes would be successful
in eliminating CTCs over a sustained period of timewhere there was al-
ready an established primary tumor. For this study we used a different
cancer cell line and found that DU145 cells also undergo apoptosis
when exposed to ES/TRAIL liposomes in blood (Supplementary Fig. 2).
Bloodwas collected fromallmice at the endof the in vivo study to quan-
tify the number of CTCs. Quantitative comparison of the CTC count in
buffer-treated mice (~1600 CTCs/mL blood) vs ES/TRAIL liposome-
treated mice (~100 CTCs/mL blood) shows a difference of about 94%
(Fig. 4A). Representative fluorescent images reveal a dramatic decrease
in collected CTCs from ES/TRAIL liposome-treated mice (Fig. 4B).

To determine the effect of ES/TRAIL liposomes on untreated blood
with high tumor burden, 3 animals from the Buffer-treatment group
were treated with a single dose of ES/TRAIL (indicated as Buffer (ES/
T)). Remarkably, this single dose resulted in a greater than 50% reduc-
tion in CTC count (Fig. 4A). Furthermore, the dramatic effect of a single
late-stage dose of ES/TRAIL suggests that CTC targeting could yield ther-
apeutic benefit to patients even at later stages associated with high CTC
count. Taken together with the absence of metastatic tumors observed
in ES/TRAIL liposome-treated mice (Fig. 5 and Supplementary Fig. 1),
this indicates that CTC targeting need not be 100% effective in order to
achieve the clinically significant outcome of metastasis prevention.
That is, by tipping the scales and reducing themetastatic load in the pe-
ripheral circulation to a fraction of its untreated numbers, the inherent
inefficiency of the metastatic process could take over to benefit the pa-
tient. Likely, these remaining CTCs undergo anoikis and immune clear-
ance and lack sufficient numbers to successfully colonize distant organs.

3.4. Ex-vivo organ analysis reveals reduction in metastasis in ES-TRAIL
treated animals

To determinewhether ES-TRAILwas successful in reducingmetasta-
ses, we assayed growth of tumors in distant organs. Organs removed for
ex vivo BLI analysis revealed widespread proliferation of luciferase-
expressingDU145 cancer cells in the lungs and liver, kidneys and spleen
of the buffer-treated and ES liposome treated control mice (Fig. 5A)
with virtually no signal above background in ES/TRAIL liposome treated
mice (Fig. 5B). All images were taken at the same exposure. Each image
is a composite of the black and white camera photo and biolumines-
cence signal. Difference in organ coloration is due to natural organ pig-
mentation in addition to variations in the presence of blood at the time
of organ harvesting.

While the present study was principally focused on suppressing the
development of bloodbornemetastasis, a significant decrease in prima-
ry tumor sizewas also observed (Supplementary Fig. 1), together with a
reduction in the presence of abdominal visceral metastases observed at
the organ boundaries in untreated mice. This suggests that TRAIL-
coated leukocytes, such as lymphocytes, enter into the visceral fluid of
the peritoneal cavity and the primary tumor. The presence of lympho-
cytes is consistentwith thewell-documented leaky phenotype associat-
ed with the NOD.CB17-Prkdcscid/J mouse line and is confirmed with our
previous characterization of ES liposome binding to nearly all leukocyte
subtypes [23]. Hence, decorating leukocytes with ES/TRAIL liposomes
can provide the additional benefit of drug delivery to tumors by
attaching drug to cell populations that will intrinsically aggregate in
the region of disease.

Histology was performed on all organs and interpreted by an inde-
pendent veterinary pathologist, with results found to be consistent
with the BLI analysis (Supplementary Fig. 3). Specifically, metastatic
prostate carcinoma was found in the lung, diaphragm, liver and peri-
adipose tissue of the kidneys and spleen in buffer and ES liposome treat-
ed animals, with someminimal evidence of scattered neoplastic cells in
the lungs and liver of ES/TRAIL treated animals.

3.5. Toxicity studies indicate little negative effects with ES-TRAIL liposome
treatment

The dosage of TRAIL used in the ES/TRAIL liposome formulation rep-
resents ~1.0% of the concentrations that have beenwell tolerated in pre-
vious animal and human trials with soluble TRAIL protein [24,25], and
so consistent with our prior study we did not expect to see evidence
of toxicity [23]. We examined for common signs of TRAIL toxicity ob-
served in previous rodent trials featuring extremely high doses of
TRAIL [26,27]. Indeed, mice treated with 15 consecutive doses of ES/
TRAIL liposomes showed no evidence of: elevated liver enzymes in the
serum (Fig. 6A,B); significant difference in hematocrit relative to un-
treatedmice (Fig. 6C); loss of appetite or bodyweight or behavioral dis-
tress compared to untreated mice (Fig. 6D); or enlarged kidney mass
(Fig. 6E). It should be noted that two mice in the treatment group died
within hours of liposome injection in week 5, which we attribute to im-
perfect liposome sterilization since local retro-orbital inflammationwas
immediately evident and no characteristic signs of TRAIL toxicity were
noted in these animals. In a previous pilot study, 100% of liposome-
treated animals experienced such acute sepsis before our liposome ster-
ilization procedures were improved to include an autoclaving step prior
to protein conjugation. Future work with these materials should utilize
current Good Manufacturing Processes that are not currently available
to our laboratory.

4. Discussion

In this paper, we present an innovative scheme for TRAIL presenta-
tion to treat metastatic disease by specifically targeting circulating
tumor cells. Past preclinical studies and clinical trials have focused on
delivery of TRAIL variants to treat solid tumors, rather than metastatic
cells within the bloodstream [28,29]. In fact, CTCs are mostly valued as
predictors of disease progression rather than a bottleneck of metastasis
that are available for targeting. Our study explicitly demonstrates that
directly eliminating CTCs can reduce metastasis disease in secondary
organs.

The therapeutic effect is due to the liposomal-bound TRAIL presenta-
tion on the surface of leukocytes and amplified binding opportunities
between TRAIL and CTCs mediated by margination in the bloodstream.
TRAIL is a membrane bound protein expressed on the surface of natural
killer cells. Liposomal carriers increase therapeutic efficacy by present-
ing TRAIL in its natural, membrane-bound state. No further cleavage
or activation of TRAIL is necessary for this formulation. We have also
shown that ES/TRAIL liposomes are stable in whole blood isolated
from healthy volunteers. In our previous work we established that ES/
TRAIL liposomes can effectively target cancer cells spiked into whole
blood collected from healthy volunteers under physiologically relevant
shear stress conditions, recapitulated in a cone-and-plate viscometer
[23]. The ES/TRAIL liposomes were effective under different hematocrit
levels, indicating their stability in whole blood.

Past and present work supports these findings that the therapeutic
potential of TRAIL is increased even in TRAIL resistant cancer cell
lines—without the use of sensitization agents—when presented on
lipid bilayers [30]. Furthermore, the fluid dynamics of blood flow
cause an effect calledmargination that results in increased binding/con-
tact opportunities between ES/TRAIL coated leukocytes and CTCs. In the
fluid shear stressmicroenvironment of the blood circulation, larger, less
deformable objects are deflected away from the center and toward the
vascular wall. Both CTCs and leukocytes are both relatively large cells
and bind to ES ligands to roll along the vascular endothelium. It is in
this environment that these cells are able to undergo repeated collisions
and TRAIL that is bound to leukocytes has more opportunities to bind to
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CTCs. It should also be noted that TRAIL liposomes tethered to the
surface of circulating leukocytes exhibited a circulation half-life
(Fig. 1) significantly longer than any previously described nanoparticle
formulations of TRAIL [31–33]. Nanomedicine-based therapeutic ap-
proaches such as the one demonstrated here may hold the key to
exploiting the potency of TRAIL within the circulation.

In addition,many cell-based therapies are rising in popularity due to
their natural ability to migrate toward and penetrate inflamed regions
that are often difficult to achieve with drug delivery mechanisms. The
mechanism presented here is unique because it does not require any
ex vivo-based manipulations of immune cells for enhanced therapeutic
effect. In this way, one is able to avoid donor harvesting, specific activa-
tion and production challenges associatedwith adoptive T cell therapies
and cell-mediated drugdelivery,which carries drug nanoparticles inter-
nally. Since many other common cancers such as those derived from
breast, lung, colon and skin are known to metastasize through the
bloodstream [34] and given the dramatic decrease in the number of
CTCs after only one dose, ES/TRAIL liposomes could be administered
clinically as a preventative measure for newly diagnosed patients.
Most cell types exhibit some level of apoptosis response to the TRAIL li-
gand [35], nonetheless, should a specific tumor prove to be completely
resistant to TRAIL therapy, scores of studies have been published over
the past 15 years that report new chemical agents (chemotherapeutics,
inhibitors, natural products) that are able to sensitize cancer cells to
TRAIL-mediated apoptosis [36].

Future work should focus on testing the efficacy of ES/TRAIL lipo-
somes in other models of bloodborne metastatic cancer, and the
ex vivo testing of patient-derived CTCs under physiologic blood flow
conditions. While E-selectin is a broad target for leukocytes, further
specificity can be gained by using ligands specific for leukocyte subpop-
ulations such as NK killer cells, B-cells and T-cells that are current prom-
ising targets in cancer immunotherapy. Finally, it should be noted that
while our focus has been on cancermetastasis, this drug deliverymech-
anism could be applied to other diseases where there is substantial leu-
kocyte infiltration such as neurodegenerative diseases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.12.048.
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