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Abstract

Folate (FA) receptor is a cell surface glycoprotein overexpressed on many cancer cells. It is a high
affinity ligand for cancer cell targeting. However, delivery of siRNA directly through folate
receptor mediated endocytosis for gene silencing has not, if any, been successful in cell culture,
animal models or clinical trial. We have reported the application of RNA nanotechnology to
construct FA-displaying exosomes for efficient cell targeting, SiRNA delivery and cancer
regression (Pi et.al Nature Nanotechnology, 2018:13, 82-89; L. et.al., Scientific Report, 2018:8,
14644). However, the mechanism underlying the efficient therapeutic behavior through folate/
exosome complex remains elusive. Here we demonstrate that the efficient cancer suppression with
the FA-displaying exosome was due to the receptor-mediated cytosol delivery of the siRNA
payload without endosome trapping, as attested by fluorescence colocalization analysis, gene
knockdown assay and animal tumor regression. It is expected that the high potency of FA-
displaying exosome in cytosolic sSiRNA delivery will renew the concept and interest in using FA as
cancer targeting ligand in human cancer therapy.
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Folate receptor is a cell surface glycoprotein highly expressed on cancer cells while its
expression on normal cells is low or undetectable.! Therefore, folate (FA) has been
extensively investigated and applied for the selective delivery of therapeutics to cancers,
including breast cancer,2, lung cancer,3 ovarian cancer,?, colorectal cancer,® and head and
neck cancer®. Conjugation of FA to therapeutic molecules, like chemotherapy drugs,’8 has
been shown to enhance their targeting and delivery to folate receptor-expressing cancer cells,
making FA a superior target for a variety of cancers. However, endosome trapping of folate
receptor mediated endocytosis has been a major hurdle in clinical trial with FA-conjugated
therapeutics such as siRNA.%-11 The therapeutic efficiency is often compromised due to
entrapment in endosomes after endocytosis.

Despite the challenge in efficient delivery, RNA interference (RNAI) holds great potential
for therapeutic applications by specific gene suppression.12:13 During the last few decades,
major efforts had been spent on achieving efficient in vivo delivery of siRNA2 or miRNAL3
to target cell using different strategies, including the recent approval of Onpattro (patisiran),
the first-ever RNAI therapeutic using a lipid nanoparticle platform14. Delivery strategies
including cationic lipids!®, cationic liposomes?®, and cationic polymers!” that can deliver
the RNA. to cells but specific targeting is still challenging. The attempted approaches for
specific targeting includes the use of peptide!®, antibodyl, chemical ligands??, and RNA
aptamers?1, etc. Polymers?2, gold nanoparticles?3, RNA nanoparticles?425.26.27 2D
inorganic nanosheets230 and liposomes28 have been used as delivery vesicles2®. However,
it remains challenging to make the siRNA interference functional after delivery into the cells
via folate receptor, mainly due to the difficulty in endosomal escape.

Recently, accumulating attention has been focused on harnessing exosomes as nanocarriers
for RNAI delivery. An exosome is one of the extracellular vesicles derived from late
endosome/multivesicular body (MVB) with a diameter between 30 and 150 nm. Exosomes
have an endomembrane-like membrane property (structure, lipid, peptides, protein, etc.)
which offers an innate ability to fuse with recipient plasma membrane or the membrane of
the cellular organelles.39-34 Indeed, it has been demonstrated that exosomes can serve as
carriers for direct delivery of their payload siRNA into the cytosol which enables the full
functionality of the siRNA32. In our recent study, we used RNA nanotechnology for the
ligand displaying on native exosomes and successfully applied it for efficient cell targeting,
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siRNA delivery and cancer regression.36:37 However, the mechanism underlying their
efficient therapeutic behavior remains elusive. Considering the FA ligand and the lipid
membrane of the reprogrammed exosomes, whether the cell entry was promoted by the
folate-receptor mediated endocytosis or by direct cell fusion was not clear. In this study, we
utilized fluorescence microscopic techniques to successfully demonstrate the receptor-
mediated cytosolic delivery potency of folate-displaying exosomes to avoid endosome
trapping, which explains the high therapeutic efficacy. Following binding to the specific
folate receptors, the FA-exosome then fused with the cell membrane and thus released its
payload into the cytosol. Moreover, in comparison to FA-siRNA without exosome, FA/
exosome/siRNA demonstrated a significant enhancement in gene knockdown efficacy both
in vitro and in vivo, which further supports our finding of cytosolic delivery and endosome
entrapment when delivered with or without exosomes. We envision that the high potency of
FA-displaying exosomes in cytosolic sSiRNA delivery might renew the interest in using FA as
cancer targeting agents in human cancer therapy.

Confirmation of cytosol delivery with folate-exosome

For imaging purpose, exosomes were internally loaded with survivin siRNA (Exo/Sur-
A647), where Alexa 647 is a near infrared dye. The resulting exosomes were further
displayed with FA that is conjugated to three-way junction (3WJ)38 arrowtail nanoparticles
(FA/Exo/Sur-A647)36:37, The double stranded siRNA against survivin conjugated with FA
(FA-Sur-A647) without exosome was used as the control. Corresponding characterizations
of RNA or exosomes are provided in Fig. S1, S2. The cellular uptake and subcellular
localization of the exosome complex and controls were monitored using confocal laser
scanning microscopy. Significant intracellular accumulation of red fluorescence representing
the A647-RNA occurred when the FA receptor overexpressed KB cells were treated with
FA/Exo/Sur-A647 complex (Fig.1, S3). The red fluorescence from A647-RNA was evenly
distributed within the whole cell, suggesting the cytosol delivery of the A647-RNA cargo via
exosome. This image was very different from the control of FA-Sur-A647 without exosome,
showing bright spots inside the cell due to the entrapment within intracellular compartments.
To further analyze the spatial distribution, three-dimensional (3D) images of corresponding
samples were taken (Fig.1C, videos S1-S4). The re-constructed 3D images were in
consistent with the 2D images, revealing an even cytosol distribution of SiRNA into KB cells
when delivered via exosome. Larger views are provided in Fig. S3. (C) 3D reconstructed
confocal microscopy images of KB cells 0.5 h or 2 h after treatment with 50 nM of FA/Exo/
Sur-A647 and FA-Sur-A647.

To further differentiate cytosol delivery from endosome trapping, colocalization analysis of
RNA nanoparticles and different intracellular organelles involved in endocytic pathway were
carried out. The Mander’s Colocalization Coefficient (M) and the Pearson Correlation
Coefficient3%40 were calculated (Table S1). FA-siRNA (labelled with Alexa Fluor 647
indicated by red fluorescence in Fig.2) showed a high colocalization (M = 0.86) with
endosome (marked with an antibody labeled with Alexa Fluor 488, indicated by green
fluorescence in Fig.2) after 1 -hour incubation, suggesting they were primarily localized in
endosomes at the first hour. After 2 h of incubation, the FA-siRNA nanoparticles showed a
high overlap with lysosomes (marked with an antibody labeled with Alexa Fluor 488,
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indicated by green fluorescence in (Fig.2) (M =0.56), suggesting their trafficking and
accumulation to the lysosome. These observations make sense since FA-complexes are
believed to enter cells via endocytosis which go through an endosome-lysosome pathway*Z.
In contrast to images derived from using FA conjugation without exosome, when FA-
displaced exosome cargo showed a much lower colocalization with either endosome or
lysosome (Fig.2). These results lead to the conclusion that the cargo siRNA would not be
trapped in endosomes or lysosomes when delivered using exosomes, which was further
proven by a coincubation experiment (Fig. S4).

Mechanism of direct fusion or back fusion after entering endosome

After confirming the high efficiency of cytosolic delivery, we then went on to investigate the
cytosol delivery mechanism. The cellular uptake mechanism for exosomes is still under
extensive scrutiny. Exosome cargoes can enter the cytosol either directly via fusion with the
outer cell membrane, or by back fusion with endosomal membrane after receptor-mediated
endocytosis (Fig. 3A). Previous reports have suggested that one of the major delivery
mechanisms of exosome is via direct membrane fusion#243, However, in this study the
exosomes were fully decorated with FA, where the folate receptor mediated endocytosis
might take over and play a role in cell entry. To distinguish between these two pathways, KB
cells were incubated with folate-exosome complexes labeled on the exosome membrane
(Alexa 647, green in Fig. 3), and/or Cy3-RNA (red in Fig. 3) loaded into the exosome, or
both. While the cargo showed an even distribution inside the cell, the green color
representing the exosome membrane was observed to be located on the membrane of the
cells rather than in the cytoplasm (Fig. 3B). These observations suggested that the folate
displaying exosome is more likely to enter through direct membrane fusion since the dye on
exosome membrane were retained on the cell membrane during cellular uptake, which is
distinct from cargo that located evenly in the cytosol.

Comparison of gene silencing efficiency between folate-displaying

exosome and folate-conjugated siRNA in cell culture

Folate-displaying exosomes and folate-conjugated siRNA were compared for their gene
silencing efficiency in folate receptor positive KB cells cell culture to evaluate the role of
exosome in cytosol delivery. KB cells were incubated with 50 nM Exo/siRNA(Sur)-A647
and FA/Exo/siRNA(Sur)-A647 respectively. FA-siRNA(Sur) or siRNA(Sur) were also
transfected into the cells as a positive control. After a 72-hour treatment, cells were
collected, and the target gene down-regulation effects of corresponding samples were
accessed by quantitative reverse-transcription polymerase chain reaction (QRT-PCR). As
shown in Fig. 4A, FA/Exo/siRNA(Sur)-A647 was able to knockdown 60% of the survivin
expression at the mRNA level. On the contrary, when FA/siRNA(Sur)-A647 was delivered
without exosome, no obvious change in gene expression level was observed compared to the
control group without treatment (Fig. 4A). To elucidate the role of FA in cell binding and
uptake, we further performed flow cytometry (Fig. S6) and confocal imaging (Fig. S7) on
non-FA modified exosomes in comparison with FA modified exosomes. FA showed an
enhancement in KB cell binding and uptake. Although it is difficult to make a conclusion
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without direct evidence, it is proposed that folate might help to promote the access of
exosome to cells.

Inhibition of tumor growth by folate-displaying exosomes

The most important aspect in therapeutic delivery is whether the delivered therapeutics can
inhibit cancer growth. Folate-displaying exosomes were tested to evaluate their inhibition on
colorectal cancer growth in mice. Antiapoptotic factor survivin is highly expressed in many
types of malicious cancer. Therefore, exosomes were loaded with siRNA that targets the
survivin gene and the siRNA loaded exosomes were displayed with FA-3WJ arrowtail
nanoparticles.36 The functionalized FA/exosome complex was then tested in KB cell derived
cancer xenograft mouse model. The mice were intravenously injected with FA/exosome/
survivin siRNA at a dose of 0.5 mg siRNA/kg of mice body weight for six doses every two
days36:37. As demonstrated by Fig. 4B, the group treated with FA/exosome/survivin SiRNA
significantly suppressed /n vivo tumor growth as measured by tumor volume and tumor
weight, compared to the control group of FA-siRNA without exosome. Moreover, the
displaying of folate on the surface of exosomes was a requirement to ensure tumor
suppression since it enabled the siRNA loaded exosome to target folate receptor
overexpressing cancer cells.

Conclusion

Folate, as a small molecule ligand for folate receptor overexpressed on the surface of many
epithelial cancer cells, has shown high efficiency and specificity for cancer targeting.
However, when it was used for the delivery of siRNA, endosome trapping has been a major
issue. In this study, we revealed an even distribution of siRNA in the cytoplasm and little
overlap with endosome/lysosome staining in cells when delivered by FA decorated
exosomes, suggesting an effective cytosol delivery property of using exosome combined
with folate targeting (Fig.1&2). When the survivin siRNA was delivered using exosome
without folate ligand, no significant suppression effect was observed in mice (Fig.4B). The
results suggest that while the negatively charged RNA displayed on exosome surface might
be able to minimize the non-specific accumulation in healthy organs, the folate ligand
displaying on exosome surface strongly promoted the targeted delivery to tumors and
enhanced the function of the siRNA payload. This directly supports the conclusion that, with
the aid of exosomes, folate can serve as efficient ligand for targeted delivery to cancer cells
and overcome the endosome trapping problem when siRNA is delivered via folate receptor.
The high efficiency of this system for gene silencing /n vitro and evidence of cancer
inhibition in animal trials will renew the concept and interest in using FA as cancer targeting
ligand in human cancer therapy.

Methods

Synthesis and assembly of ds FA-Survivin-A647 and Survivin-A647

5’-Folate-Survivin-3’-NH, and Survivin-3’-NH, was synthesized via standard RNA solid
phase chemical synthesis (home-made or ExonanoRNA LLC) using 5’-Hexynyl
phosphoramidite (Glen Research Corp.). Methods for Alexa647 labelling and double strand
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siRNA assembly have been reported. The sequences of RNA strands (lower-case letters
indicate 2° F nucleotides) are:

Survivin anti-sense: 5’-UGA CAG AUA AGG AAC CUG C-3’

Survivin sense: 5’-GcA GGu uCC uuA ucu Guc Auu-3’

Exosomes production

Methods for extraction and purification of exosome have been reported36:37. In brief,
HEK?293T cell were cultured in DMEM with 10% exosome depleted FBS (by 100,000g
ultracentrifugation). Cell culture medium was collected after 48 hours culture and go
through differential centrifugation (300g, 10min and 10,0009) then pass through 0.22 pm
filtration. The processed medium was then further purified and concentrated by Optiprep
cushion ultracentrifugation at 100,000g for 80min.

Loading and decoration of exosome

Cell culture

Cell binding

Exosomes (150 L, 1.8 pmol/mL, 130 £ 7.4 nm in diameter, measured by NanoSight,
Malvern) and RNA (25 uM, 10 pL) (home-made or ExonanoRNA LLC) were added with 5
uL of ExoFect exosomes transfection (System Biosciences), followed by a heat-shock
protocol. Cholesterol-modified and folate-harboring RNA nanoparticles were incubated with
siRNA-loaded exosomes at 37 °C for 1 h, then left on ice for 1 h for folate decoration. All
the pellets after centrifuge were washed and re-suspended in 80 L of sterile PBS for further
use. The loading efficiency of siRNA into exosomes was measured following previously
reported procedures36:37. After exosome loading, the decrease of the fluorescent signal of
A647 labeled siRNA in the supernatant compared to control (A647 labeled siRNA with
equal volume of PBS and treated with Exofect), was calculated as the loading efficacy. The
effect of non-specific binding of siRNA to exosome was also counted by subtracting the
fluorescent signal decrease from the non-Exofect control. The loading efficiency was
calculated to be about 80 %.

KB cells were maintained in a folate-free RPM11640 medium (Gibco) supplemented with
10% FBS and penicillin/streptomycin in a 5% CO5 incubator. The serum provided a normal
complement of endogenous folate for cell growth.

assay using flow cytometry

Cells were washed and trypsinized. After span down, the cells were washed and re-
suspended in calculated volume of blank medium (without FBS) and split into individual
samples. Then the cells were incubated with each sample medium for 1 h (mixed every 30
mins). The cells were spun down and washed with PBS three times before they were re-
suspended in 200 pL PBS and transferred to test tubes for flowcytometry measurement.
Flow cytometry data was analyzed by Flow Jo software.
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Cell internalization and distribution assay using confocal microscopy

Glass slides in a 24-well plate were seeded with about 50, 000 KB cells per well. After left
to grow overnight, the cells were incubated with corresponding samples in medium (without
FBS) at 37 °C for 1 h. After washing with PBS, the cells were fixed by 4%
paraformaldehyde (PFA) and washed 3 times by PBS. The cytoskeleton of the fixed cells
was treated with 0.1% Triton-x100 in PBS for 5 min to improve cell membrane permeability
and then stained by Alexa Fluor 488 Phalloidin (Life Technologies) for 30 min at room
temperature and then rinsed with PBS for 3 x 10 min. The cells were mounted with DAPI
(Life Technologies). The slides were then observed under FluoView FVV3000-Filter Confocal
Microscope System (Olympus Corp.).

Immunofluorescence staining for colocalization study

Following the standard immunofluorescence staining protocol from Thermo Fisher, the cells
were then probed without (negative control) or with organelle antibody (EEA1 for early
endosome or LAMP1 for lysosome) at a dilution of 1:1000 overnight at 4 °C, washed with
PBS and incubated with an Alexa 488-conjugated secondary antibody. Images were taken at
40x magnification.

Animal trials

KB cell derived tumor xenograft mice model were generated by subcutaneously inject 2 x
108 KB cells in 100 pl of PBS into each female athymic nude Nu/Nu (6-8 weeks old) mice
(Taconic) with folate deficit diet. Once tumor volumes reached ~50 mm3, the mice were
anesthetized using isoflurane gas (3% in oxygen at a flow rate of 0.6 I-min~1) and injected
intravenously through tail-vein injection with 6 repeat doses of 0.1 pmole exosomes/0.5
nmole siRNA per mice every two day. Tumor sizes were measured daily, and the volume is

L><W2
2

Institutional Animal Care and Use Committee (IACUC) of the Ohio State University. All
animal procedures were housed and performed in accordance with the Subcommittee on
Research Animal Care of The Ohio State University guidelines approved by the Institutional
Review Board.

calculated by v= . The protocol for this animal experiment was approved by the
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Highlights:
. The receptor-mediated cytosolic delivery potency of folate-displaying
exosomes to avoid endosome trapping was demonstrated utilizing
fluorescence microscopic techniques.
. New evidence that FA-exosome fused with the cell membrane to release its
payload into the cytosol was provided.
. Folate ligand displaying on exosome surface strongly promoted the targeted

delivery to tumors and enhanced the function of the siRNA payload.
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Fig 1. Exosome formulation enables cytosolic delivery of A647-lableled siRNA into KB cells.
2D confocal microscopy images of KB cells 30 min after treatment with 50 nM of (A) FA-

Sur-A647 and FA/Exo/ds-Surivin-A647, or (B) FA-3WJ-Sur-A647 and FA/Exo/3WJ-Sur-
AB4T.
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Fig 2. Colocalization studies of siRNA delivery with and without exosome.
Confocal microscopy of (A) FA-3WJ-Sur-A647 and FA/Exo/3WJ-Sur-A647, or (B) FA-Sur-

A647 and FA/Exo/Sur-A647. All SIRNA are labeled with A647 (red). Immunofluorescence
staining of organelle markers (green). Markers are EEA1 for early endosome and LAMP1
for lysosomes. DAPI staining nucleus (blue). Colocalization are displayed in yellow.
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Fig. 3: Distinguish cytosol delivery pathways.

ucleus

FA-Ex0/siRNA-Cy3

FA-A647-Exol FA-A647-Exol
siRNA-Cy3 SiRNA-Cy3

(A) Hlustration of the two possible pathways: 1. Ligand displaying exosomes bind to cell

receptors followed by fusion with cell membrane. 2. Receptor-mediated endocytosis induces
back fusion with endosome membrane. (B) Confocal imaging distinguishes between direct
fusion and back fusion. Ligand (FA-arrowtail, A647, red) and cargo (SiRNA, Cy3, green) of

FA/Exo/siRNA was labeled at different fluorescent dye for confocal imaging of cellular

uptake. Larger views are provided in Fig. S5.
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Fig. 4: Efficacy evaluation of siRNA Delivered with and without exosome using FA targeting.
(A) gRT-PCR assay of surviving siRNA expression in KB cells at 72 h. Gene knockdown

efficiency of folate displaying exosome and folate-siRNA in cells after incubation with FA-
survivin, FA/Exo or lipofectamine 2000 for 4 h. (n=4, two-tail t-test) (B) Inhibition of tumor
growth by folate displaying exosome, exosome without ligand and folate-SiRNA. 0.5mg/kg
survivin siRNA formulated with or without exosome were repeated 1.V. by tail-vein injection
every two days. Multiple t-test with Holm-Sidak correction on day 12 indicate statistic
significant (n=5) for FA/Exo/3WJ-Sur compare to: 1) 3WJ/Exo/3WJ-Sur (p<0.0001), 2)
FA-3WJ-Sur (p=0.0002) and 3) PBS (p=0.003).

J Control Release. Author manuscript; available in PMC 2020 October 01.



	Abstract
	Graphical Abstract
	Confirmation of cytosol delivery with folate-exosome
	Mechanism of direct fusion or back fusion after entering endosome
	Comparison of gene silencing efficiency between folate-displaying exosome and folate-conjugated siRNA in cell culture
	Inhibition of tumor growth by folate-displaying exosomes
	Conclusion
	Methods
	Synthesis and assembly of ds FA-Survivin-A647 and Survivin-A647
	Exosomes production
	Loading and decoration of exosome
	Cell culture
	Cell binding assay using flow cytometry
	Cell internalization and distribution assay using confocal microscopy
	Immunofluorescence staining for colocalization study
	Animal trials

	References
	Fig 1.
	Fig 2.
	Fig. 3:
	Fig. 4:

