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Phase-separated liposomes were used to formulate tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), a protein that
selectively kills cancer cells while sparing most healthy ones. By
controlling the average number of TRAIL molecules per liposome, we
demonstrate the ability to tune the formation of TRAIL clusters and
their resulting apoptotic activity.

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) was discovered as a type II transmembrane protein that
specifically induces apoptosis in a broad spectrum of cancer cell
lines while sparing most healthy ones." Extensive pre-clinical
studies of TRAIL as a target of cancer yielded promising
observations.> However, the following >10 clinical trials to test
TRAIL receptor agonistic antibodies, recombinant TRAIL, and
other TRAIL based agents have showed little to no antitumor
efficacy.® It recently emerged that the resistance of human
tumors to TRAIL-induced apoptosis is largely due to the poor
agonistic activity of these agents.* Efforts to increase the
bioactivity of TRAIL-based agents have continued with the goal
of developing new cancer-specific therapies.®

TRAIL activates the extrinsic apoptotic pathway upon
binding to its cognate death receptors 4 and 5 (DR4 and DR5,
also known as TRAIL-R1 and TRAIL-R2, respectively).® Like
other members of the TNF family, TRAIL must form a homo-
trimer to achieve its cancer cell-specific toxicity.” DR4/5 recep-
tors bind to the gaps between two neighboring monomers in the
TRAIL trimer, one receptor to each of the three gaps.® The
binding results in receptor trimerization that leads to confor-
mational changes in the TRAIL receptors.” However, this
conformation change alone is not always sufficient to transduce
the intracellular signal. It seems that further multimerization of
the receptors is required to complete the apoptotic signalling
cascade.® Previous studies have shown that some DRs need to
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be further cross-linked or oligomerized in high-order clusters
on the cell surface to correctly induce the intracellular signal.*
It is possible that death ligands like TRAIL may achieve this by
clustering into supra-molecular structures on the membranes
of cells or cell-secreted vesicles. This idea is supported by the
discovery that TRAIL is much more potent as a naturally
expressed transmembrane protein than when in its free, soluble
form."™

Different methods have been reported to increase the cancer-
specific apoptotic activity of TRAIL. One of the earlier methods
focused on increasing the stability of TRAIL homotrimer to
optimize its pharmacokinetic profile.” For this purpose, TRAIL
has often been expressed in fusion with a peptide motif that is
known to form trimers. Another way has been to increase TRAIL
targeting by fusing TRAIL with domains or motifs that specifi-
cally target cancer cells or cells of the tumor stroma. Single-
chain variable antibody fragments (scFv) have been the most
popular domain explored for this purpose due to their equiva-
lent targeting ability to antibody yet a much smaller size.*
Nanomaterials have also been extensively studied to increase
TRAIL targeting due to the so called Enhanced Permeability and
Retention (EPR) Effect in solid tumors.” Nanomaterials also
provide a surface on which TRAIL may be assembled into supra-
molecular structures.” Various types of nanomaterials
including lipid nanoparticles, polymeric micelles, micro-
spheres, and magnetic particles are available for TRAIL
formulation and delivery.* Among them, liposomes have been
found to be the most versatile of these platforms due to well-
established engineering methods and safety profile.”” Our lab
previously developed leukocyte targeting liposomes by conju-
gating TRAIL, and another protein E-selectin (ES), to the surface
of liposomes. The liposomes adhere to the surface of leukocytes
following systemic administration since ES binds to sialyl
Lewis®, a characteristic surface glycan expressed by most
leukocytes. We have demonstrated that such liposome formu-
lations can block new formation of metastases by killing
circulating tumor cells (CTCs) in mouse models of prostate
cancer and breast cancer.'®"
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In this study, we report a new method to increase the cancer-
specific apoptotic activity of TRAIL by using phase separation of
the surface of nanoscale liposomes. The liposomes were
designed to have two distinct surface domains or phases and
only the smaller phase allows conjugation of recombinant
TRAIL. The density of the protein molecules can thus be
controlled to form an optimal density of supramolecule clusters
compared to even distribution on the liposome surface. By
controlling the clustering of TRAIL on phase-separated lipo-
somes, we can tune their apoptotic potential in a range higher
than free TRAIL.

Preparation and characterization of
phase-separated giant unilamellar
vesicles (GUVs) and nanoscale
liposomes

It is challenging to directly observe the phase separation on
nanoscale liposomes using optical microscopy. We used giant
unilamellar vesicles (GUVs) which are microsized vesicles as an
alternative to liposomes to better visualize the phase separa-
tion.*® The three major lipids for GUVs and liposomes include
DSPC, DOPC and cholesterol at a molar ratio of 3:1: 1.2. These
lipids and their ratio were chosen because the phase separation
behavior of GUVs and liposomes made of them has been well
studied.”"** The GUVs can be controlled to exhibit two distinct
phases, liquid-ordered (L) phase formed mainly by DSPC and
liquid-disordered (Lg) phase mainly by DOPC. A small
percentage of DGS-NTA-Ni was included for TRAIL conjugation
and DSPE-PEG for stabilization of the vesicles.

The GUVs were made using a so-called gentle hydration
method in which the lipid film was hydrated gently with PBS
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Fig. 1 Preparation and characterization of GUVs and liposomes. (A)
Typical confocal microscopy images of GUVs showing separation of
phases (green = DSPC, red = DOPC) to different extent. Scale bars =
10 pum. (B) Size distribution of naked liposomes and liposomes
conjugated with varying numbers of TRAIL molecules.
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without vibration or stirring.”® The GUVs were directly visual-
ized with confocal microscopy as the DSPC phase was labeled in
green while DOPC was labeled in red. The diameter of large
GUVs reached ~15 pm with small Lg phases ranging from 2 to
13 um (Fig. 1A). The number of Lg phases on an individual GUV
varied. These phase separation results suggest the formation of
smaller domains on the membrane of nanoscale liposomes that
would be later prepared using the same lipid composition.

Nanoscale liposomes were prepared using an extrusion method
following hydration of the lipid film with vortexing. The average
size of the liposomes was measured to be ~106 + 3.7 nm. The
number of liposomes was estimated using an equation on https://
www.liposomes.org. Various amounts of TRAIL protein were
added to a liposome suspension to conjugate different average
numbers of TRAIL on an individual liposome, assuming the
conjugation yield is 100%. The liposomes conjugated with 100,
200 and 400 TRAIL molecules on average on an individual
liposome are designated as 100T-, 200T- and 400T-Lipo, respec-
tively. The size of liposomes becomes larger with more TRAIL
conjugated, suggesting success of TRAIL association with the
liposome surface (Fig. 1B).

Cytotoxicity of phase-separated TRAIL
liposomes

We used human prostate cancer PC3 and DU145 cells (both
purchased from American Type Culture Collection) which exhibit
high and medium sensitivity to TRAIL, respectively, to compare the
apoptotic activity of the phase-separated liposomes conjugated
with different numbers of TRAIL molecules.”* Our previous studies
found that each of these two cell lines expresses both DR4 and
DR5, with a higher expression of DR5 than DR4.* In both of the
cell lines, the TRAIL liposomes showed higher cytotoxic effects
than free TRAIL after 24 h of treatment. More importantly, the
liposomes conjugated with more TRAIL molecules are more potent
that those conjugated with fewer TRAIL molecules at the same
total concentration of TRAIL (Fig. 2A and B). In the treatment of
DU145 cells, 400T-Lipo achieved more than twice the apoptotic
activity of free TRAIL. It was reported that DR4 requires colocali-
zation with lipid rafts on cell membranes to initiate the apoptotic
signalling but doesn't need clustered TRAIL while DR5, on the
contrary, strictly needs membrane bound/clustered TRAIL but are
typically not localized in specific membrane domains.® Therefore,
these results are consistent with the idea that more TRAIL on the
liposome surface, potentially forming larger TRAIL clusters, can
more potently engage DR5 to initiate apoptotic signalling. It is also
suggested that it is likely to control the clustering of TRAIL on the
liposome surface with phase separation to achieve optimal
apoptotic capability of TRAIL to specific cancer cell lines.

Cytotoxic effects of phase-separated
TRAIL liposomes on Jurkat cells

We next compared the apoptotic activity of the TRAIL liposomes
in human T lymphocyte immortalized Jurkat cells which are
known to show a high expression of DR5 and are highly
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Fig. 2 Apoptotic activity of TRAIL liposomes. (A) Representative flow
cytometry plots of PC3 cells after treatment with TRAIL liposomes. Cell
viability of PC3 cells and DU145 cells (B). Incubation concentrations of
TRAIL liposomes are 100 ng mL~ TRAIL for the treatment of PC3 and
250 ng mL™ TRAIL for DU145 cells. *p < 0.05 and **p < 0.01.

sensitive to TRAIL-induced apoptosis.*® Opposite to our expec-
tation, the TRAIL liposomes with fewer TRAIL were more potent
than those with more TRAIL, although all three formulations
are more apoptotic than free TRAIL (Fig. 3A). One possible
reason for this is that the density of TRAIL clusters of 100T-Lipo
matched better with the distribution density of DR5 on the
surface of Jurkat cells than the other two formulations. There-
fore, TRAIL molecules of 200T-Lipo and 400T-Lipo were more
than sufficient and partly wasted. We then used confocal
microscopy to observe the binding of Jurkat cells with TRAIL
liposomes, compared to naked liposomes as a control. The
liposomes are labelled with two dyes in the DSPC and DOPC
phases, respectively. The merging of the two colors indicates an
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Fig. 3 Apoptotic activity of the TRAIL liposomes to Jurkat cells. (A)
Cell viability of Jurkat cells. TRAIL concentration was 50 ng mL™* *p
< 0.05 and ***p < 0.001. (B) Confocal microscopy images showing
the binding of TRAIL liposomes to the membrane of Jurkat cells and
their internalization at 1 h after incubation. TRAIL concentration was
10 pg mL™1.
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intact structure of the liposomes. No binding of naked lipo-
somes to the cell surface or internalization was observed within
the first hour of incubation. The TRAIL liposomes were found to
surround the membrane of Jurkat cells (Fig. 3B). Some of the
TRAIL liposomes were internalized as supported by the two
diffusive colors in the cytoplasm of the Jurkat cells (Fig. 3B).
DR4/5 are known to translocate to the nucleus after activation
by TRAIL. The rate of translocation of these death receptors
induced by the TRAIL liposomes appears to be much faster than
the endocytosis of naked liposomes.

Conclusions

Phase separation naturally exists in biological membranes and
is directly connected to various events in the life of a living cell.>”
Many intriguing phase behaviors of biological membranes have
been discovered and studied using GUVs as a model system.>®
Although nanoscale phases cannot be visualized directly by
optical microscopy, their existence and properties have been
well documented with indirect methods such as neutron
scattering.”®

It was previously reported that the cytotoxic potential of
TRAIL can be enhanced by conjugating TRAIL to the surface of
lipid-homogenous liposomes.** It is hard to compare those
formulations with those in this research since the average
number of TRAIL molecules conjugated on the homogenous
liposomes was not reported. In theory, it is possible to fully or
nearly fully coat a homogenous liposome with TRAIL to
promote the formation of TRAIL clusters. But this could
compromise the stability of liposomes in vivo and the long-term
stability in vitro. Our studies provide a facile method to prepare
an optimal liposome formulation of TRAIL for a specific cell line
by controlling the ratio of the two phases and average number
of TRAIL per liposome.

In short, we prepared nanoscale liposomes that exhibit two
distinct phases in their membrane. By conjugating TRAIL to
only the smaller of the two phases, the density of TRAIL on the
liposome surface was increased to promote cluster formation.
Fine tuning of the TRAIL density on the smaller phase of an
individual liposome yielded TRAIL liposomes with different
levels of apoptotic activity. The relative apoptotic potential of
the TRAIL liposomes with different numbers of TRAIL mole-
cules was also found to be dependent on the types of tumor
cells. These findings lay the foundation for the development of
TRAIL liposomes with optimal activity for a specific type of
tumor and thus may expedite their translation into the clinic.
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