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Prion diseases result from the misfolding of the normal, cellular prion protein (PrPC) to an abnormal protease resistant isomer called PrPR. The
emergence of prion diseases in wildlife populations and their increasing threat to human health has led to increased ef'forts to find a treatment for
these diseases. Recent studies have found numerous anti-prion compounds that can either inhibit the infectious PrPR isomer or down regulate
the normal cellular prion protein. However, most of these compounds do not cross the blood brain barrier to effectively inhibit PrP Res formation in
brain tissue, do not specifically target neuronal PrP and are often too toxic to use in animal or human subjects.

We investigated whether siRNA delivered intravascularly and targeted towards neuronal PrPC s a safer and more effective anti-prion compound.
This report outlines a protocol to produce two siRNA liposomal delivery vehicles, and to package and deliver PrP siRNA to neuronal cells. The
two liposomal delivery vehicles are 1) complexed-siRNA liposome formulation using cationic liposomes (LSPCs), and 2) encapsulated-siRNA
liposome formulation using cationic or anionic liposomes (PALETS). For the LSPCs, negatively charged siRNA is electrostatically bound to

the cationic liposome. A positively charged peptide (RVG-9r [rabies virus glycoprotein]) is added to the complex, which specifically targets the
liposome-siRNA-peptide complexes (LSPCs) across the blood brain barrier (BBB) to acetylcholine expressing neurons in the central nervous
system (CNS). For the PALETS (peptide addressed liposome encapsulated therapeutic siRNA), the cationic and anionic lipids were rehydrated
by the PrP siRNA. This procedure results in encapsulation of the siRNA within the cationic or anionic liposomes. Again, the RVG-9r neuropeptide
was bound to the liposomes to target the siRNA/liposome complexes to the CNS. Using these formulations, we have successfully delivered PrP
siRNA to AchR-expressing neurons, and decreased the Prp® expression of neurons in the CNS.

Video Link

The video component of this article can be found at https://www.jove.com/video/54 106/

Introduction

Prlons are severe neurodegenerative dlseases that affect the CNS. Prion diseases result from the misfolding of the normal cellular prion protein,
Prp, by an infectious isomer called PrPRes. These diseases affect a wide variety of species including bovine spongiform encephalopathy in
cows, scrapie in sheep, chronic wasting disease in cervids, and Creutzfeldt-Jakob disease in humans'>. Prions cause neurodegeneration that
starts with synaptlc loss, and progresses to vacuolization, gliosis, neuronal loss, and plaque deposits. Eventually, resulting in the death of the
animal/individual®. For decades, researchers have investigated compounds meant to slow or stop the progression of prion disease. However,
researchers have not found either a successful therapy or an effective systemic delivery vehicle.

Endogenous Prp° expression is required for the development of prion diseases®. Therefore, decreasing or ellmlnatmg Prp® expression

may result in a delay or amelioration of disease. Several groups created transgenlc mice with reduced levels of PrP° or injected lentivectors
expressing shRNA directly into murine brain tissue to investigate the role of Prp°© expression levels in prion disease. These researchers

found reducmg the amount of neuronal PrPC resulted in halting the progressive neuropathology of prion diseases and extended the life of the
animals®®. We have reported that Prp° S|RNA treatment results in clearance of PrP™®® in mouse neuroblastoma cells’. These studies suggest
that the use of therapies to decrease PrpP© expression levels, like small interfering RNA (siRNA), which cleaves mRNA, may sufficiently delay the
progression of prion diseases. However, most therapies investigated for prion diseases were delivered in ways that would not be practical in a
clinical setting. Therefore, a siRNA therapy needs a systemic delivery system, which is delivered intravenously and targeted to the CNS.

Investigators have studied the use of liposomes as delivery vehicles for gene therapy products. Cationic and anionic lipids are both used in the
formation of liposomes. Cationic lipids are more widely used than anionic lipids because the charge difference between the cationic lipid and

the DNA/RNA allows for efficient packaging. Another advantage of cationic I|p|ds is that they cross the cell membrane more easily than other
Ilplds However cationic lipids are more immunogenic than anionic I|p|ds 314 . Therefore, researchers have started to shift from using cationic
to anionic lipids in liposomes. Gene therapy products can be ef'flmently packaged into anionic liposomes using the positively charged peptide
protamine sulfate, which condenses DNA/RNA molecules'®"®. Since anlonlc lipids are less immunogenic than cationic lipids they may have
increased circulation times, and may be more tolerated in animal models ' . Liposomes are targeted to specific tissues using targeting peptides
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that are attached to the liposomes. The RVG-9r neuropeptide, which binds to nicotinic acetylcholine receptors, has been used to target siRNA
and liposomes to the CNS'2°,

This report outlines a protocol to produce three siRNA delivery vehicles, and to package and deliver the siRNA to neuronal cells (Figure 1).
Liposome-siRNA-peptide complexes (LSPCs) are composed of liposomes with siRNA and the RVG-9r targeting peptide electrostatically attached
to the outer surface of the liposome. Peptide addressed liposome encapsulated therapeutic siRNA (PALETS) are composed of siRNA and
protamine encapsulated within the liposome, with RVG-9r covalently bonded to lipid PEG groups. Using the below methods to generate LSPCs
and PALETS, PrP® siRNA decreases PrP® expression up to 90% in neuronal cells, which holds tremendous promise to cure or substantially
delay the onset of prion disease pathology.

All mice were bred and maintained at Lab Animal Resources, accredited by the Association for Assessment and Accreditation of Lab Animal
Care International, in accordance with protocols approved by the Institutional Animal Care and Use Committee at Colorado State University.

1. Preparation of LSPCs

10.

Use a 1:1 DOTAP (1,2-dioleoyl-3-trimethylammonium-propane):cholesterol ratio for LSPCs. For a 4 nmole liposome preparation, mix 2
nmoles of DOTAP and 2 nmoles of cholesterol into 10 ml of a 1:1 chloroform:methanol solution in a flask.

Evaporate 9 ml of the chloroform:methanol solution using N, gas in a fume hood. Evaporate the last 1 ml of solvent in a fume hood overnight
without gas. Observe a thin lipid film on the bottom of the flask.

Heat 10 ml of a 10% sucrose solution to 55 °C.

Pour the heated 10% sucrose solution onto the thin lipid film slowly, i.e. 1 ml/min, while gently swirling the flask. Maintain the 10% sucrose
and flask with lipids at 55 °C so that the lipid molecules remain in the gel-liquid phase. Rehydration results in multilamellar vesicle (MLV)
formation.

Allow lipids to rehydrate at 55 °C for at least one hr before sizing the liposomes.

Assemble an extruder per manufacturer's instructions with 1.0 um filters or use 1.0 um syringe filters for sizing.

Add 1 ml of the heated liposome suspension to one of the syringes on the extruder, and pass the suspension between the two syringes 11
times. Make sure that the suspension is in the opposite syringe than the starting syringe after the 11 passes.

Size the liposomes again through 0.45 pm then 0.2 um filters to generate large unilamellar vesicles (LUVs). Keep the liposome suspension
heated for easier sizing.

Incubate 20 pl of the 4 nmole liposome suspension (200 uM) with 200 pl of a 20 uM (4 nmole total) stock siRNA solution for 10 min at room
temperature.

Incubate 80 pl of a 500 uM (40 nmole total) stock RVG-9r solution with the siRNA/liposome solution for 10 min at RT. LSPCs should be used
as soon as possible but can be used up to several hours after preparation. Store LSPCs at 4 °C for several hr after preparation.

2. Preparation of PALETS

1.

Use a 55:40:5 molar ratio of either DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine):cholesterol:DSPE-PEG or
DOTAP:cholesterol:DSPE-PEG for PALETS. For a 4 nmole liposome preparation, mix 2.2 nmoles of either DSPE or DOTAP, 1.6 nmoles of
cholesterol, and 0.2 nmoles of DSPE-PEG into 10 ml of a 2:1 chloroform:methanol solution in a flask.

Prepare liposome suspension exactly as described in Step 1.1 and 1.2 above. Rehydrate DSPE liposomes in 10 ml of 1x PBS heated to 75
°C, adding 1 ml/min. Allow lipids to rehydrate at 75 °C for at least 1 hr before sizing.

Size the liposome suspension exactly as described in Step 1.6-1.8.

Pipet 20 pl of each of the 4 nmole (200 pM) liposome suspensions into single use aliquots after DOTAP and DSPE liposomes have been
sized, and lyophilize for 30 min using a benchtop freeze dryer (Figure 2).

Incubate 200 pl of a 20 pM (4 nmole total) stock siRNA solution with 1.4 pl of a 26.6 yM solution of protamine sulfate for 10 min at RT for
siRNA that is to be encapsulated into DSPE PALETS liposomes.

Rehydrate the DOTAP PALETS liposomes with 200 pl of a 4 nmole stock solution of siRNA or rehydrate DSPE PALETS liposomes with 201.4
Wl of the siRNA/protamine solution. Incubate liposome/siRNA solution for 10 min at RT.

Add 10 pl of a 60 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) solution to the liposome/siRNA solution for both
DOTAP and DSPE PALETS.

Add 10 pl of a 150 mM N-hydroxysulfosuccinimide (sulfo-NHS) solution to the liposome/siRNA solution for both DOTAP and DSPE PALETS.
Incubate the EDC and sulfo-NHS with the siRNA/liposome suspension for 2 hr at RT.

. Incubate 80 pl of a 500 pM (40 nmole total) stock RVG-9r solution with the siRNA/liposome crosslinking solution for 10 min at RT.

NOTE: The EDC/sulfo-NHS allows the RVG-9r to covalently bond to the PEG lipids. Use PALETS within several hr after preparation. Store
PALETS at 4 °C for several hr after preparation.
To determine siRNA encapsulation efficiency of PALETS:
1. Measure the concentration of siRNA before and after the addition of protamine and liposomes using a spectrophotometer set at 260
nm.
2. Filter the unencapsulated siRNA from the liposome/encapsulated siRNA suspension using 50 kDa centrifugal filters. Centrifuge at
1,000 x g for 20 min.
3. Measure the concentration of unencapsulated siRNA in the filtrate and the concentration of encapsulated siRNA in the retentate using
a spectrophotometer at 260 nm.
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3. Injecting Mice with LSPCs or PALETS

Expose mice for 5-10 min to a heat lamp to dilate vasculature.
Anesthetize mouse with a 2-3% isofluorane/oxygen flow 5-10 min before injection, and during injection. Confirm anesthetization when animal
is no longer ambulant and respirations have slowed by doing a toe pinch. Place the mouse on its back or side to access the tail vein. Use vet
ointment on mouse's eyes to prevent drying while under anesthesia.
3. Wipe/spray the tail with 70% EtOH and inject 300 pl of LSPCs or PALETS onto the tail vein of the mouse using a 26 G insulin syringe. Start
injecting distally into the tail vein and move proximally if the vein collapses or ruptures.
4. Place mouse in a clean cage until it maintains sternal recumbency. Do not place mouse with other cage mates until it has fully
recovered. Mice should recover in 5 to 15 min. They can be placed on a heating pad or under a heat lamp to maintain body temperature if
recovery takes longer. Mice should be monitored closely to safeguard against over-heating.
5. Monitor the animal several hours after injection to ensure anesthesia wears off, and there are no ill effects of the treatment. Allow the LSPCs
or PALETS to circulate for at least 24 hr.

N =

4. Analysis of Protein Expression via Flow Cytometry

Euthanize mice with a 20% CO, flow rate for 15 min.

Dissect out half a hemisphere of brain by cutting away the skin and skull of the mouse using scissors. Peel away half a hemisphere of brain

away from the skull using tongs or the end of a pair of scissors.

3. Press half a hemisphere of brain from each mouse through a 40 um mesh cell strainer using 2.5 ml of FACS buffer (1x PBS, 1% fetal bovine
serum, 10 mM EDTA) in a Petri dish with the plunger of a syringe.

4. Rinse the cell strainer and Petri dish with an additional 2.5 ml of FACS buffer. Put the single cell suspension in a 15 ml conical tube on ice.

5. Pipet 100 pl of the 5 ml single cell suspension into a 1.5 ml microcentrifuge tube and centrifuge for 5 min at 350 x g. Discard the supernatant
and resuspend cell pellet in 1 ml of FACS buffer. Spin at 350 x g for 5 min. Repeat with another 1 ml of FACS buffer. Keep the cell suspension
on ice.

6. Incubate the cells in 100 pl of 1:100 dilution of a 0.5 mg/ml rat anti-mouse Fc block in FACS buffer for 30-60 min on ice. Pellet and wash the
cells as in step 4.5. Keep the cell suspension on ice.

7. Incubate the cells in 100 pl of a 20 pug/ml fluorescent antibody against mouse PrP® in 7% mouse serum in FACS buffer on ice for 30-60 min.
Pellet and wash the cells as in step 4.5. Keep the cell suspension on ice.

8. Pellet and re-suspend the cells in 1 ml of RBC lysis buffer (1x PBS, 155 mM NH,4CI, 12 mM NaHCOg3;, 0.1 mM EDTA) for 1 min. Pellet as in
step 4.5 and resuspend the cells in 1 ml of FACS buffer. Keep the cell sus&aension on ice.

9. Analyze Prp® expression using a flow cytometer as described previously1 . Gate live cells from total cell population. Gate PrPC + cells from

live cell population to determine MFI (median fluorescent intensity).

Representative Results

To increase the efficiency of siRNA encapsulation within anionic PALETS, the siRNA was mixed with protamine. To determine the best protamine
concentration for the siRNA, the siRNA was mixed with different concentrations of protamine, from 1:1 to 2:1 (Figure 3A). There was a 60-65%
siRNA encapsulation efficiency in anionic liposomes without the use of protamine. Samples with protamine:siRNA molar ratios from 1:1 to

1.5:1 (133-266 nM) had 80-90% siRNA encapsulation. Molar ratios above 1.5:1 resulted in precipitation of siRNA/protamine complexes. These
precipitated complexes were not encapsulated into anionic liposomes. After the addition of protamine to the siRNA there was a slight drop in the
concentration of the siRNA, due to the dilution; however, the concentration remained stable after the addition of protamine (Figure 3B). After
filtering the liposomes with 50 kDa filters, 90-95% of the siRNA was associated with the liposome retentate, while 5-10% of the siRNA was 'free’
in the filtrate. No siRNA was detected in protamine or liposome only samples (Figure 3C).

N =

To determine the effect of LSPCs in vivo, wildtype mice were treated with LSPCs for 24 hr. Prp° expression levels of wildtype mice treated
with LSPCs were compared to mice treated with 1x PBS and to PrP knockout (PrPKo) mice (Figure 4). Flow cytometric analysis of PrPC in the
brains of mice treated with LSPCs showed a decrease in PrP levels (Figure 4A and 4B). In one experiment, all mice had 80-90% reduction
of PrP® levels, close to PrPC levels that were observed in the PrP¥® mice (Figure 4A). Mice treated with LSPCs in two more independent
experiments showed a 40-80% reduction of PrPC levels (Figure 4B). Out of the total LSPCs treated mice (n = 14), there was only one mouse
had no response to the LSPCs.
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Figure 1: Overview of the Protocol to Generate PALETS/LSPCs and Deliver siRNA Intravenously to the CNS of Mice. Liposomes were
generated via the thin lipid film hydration method. The PrP® siRNA was then attached to the liposomes either through an electrostatic interaction
or by encapsulation. The PALETS or LSPCs were completed by the addition of the CNS targeting peptide RVG-9r. After assembly, the PALETS/
LSPCs were injected into the tail veins of mice, and 24 hr after treatment Prp® expression was assessed via flow cytometry. Please click here to
view a larger version of this figure.
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Figure 2: Protocol of the Thin lipid Film Hydration Method to Generate DSPE Liposomes for the PALETS Delivery Vehicle. The

lipids were dissolved and mixed in a chloroform:methanol solution, which was evaporated to generate a dry lipid film. The dry lipid film was
resuspended in 1x PBS to create multilamellar vesicles (MLVs). MLVs were then uniformly sized using an extruder to generate LUVs. The LUVs
can then be used in suspension, or lyophilized in single use aliquots. Please click here to view a larger version of this figure.
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Figure 3: Encapsulation Efficiency of siRNA into DSPE PALETS using Protamine Sulfate. (A) About 60-65% of the siRNA was
encapsulated without the addition of protamine. With the addition of protamine, there was a 90% encapsulation efficiency between 1:1 and 1.5:1
protamine:siRNA ratio. (B) After filtering out the liposomes from any free siRNA, 90% of the siRNA was found in the liposomal fraction, whereas
5-10% of unencapsulated siRNA was found in the filtrate. (C) Protamine and liposome only solutions are free of encapsulated siRNA. About
60-65% of siRNA was encapsulated within DSPE liposomes without the use of protamine. With the use of protamine at a concentration of 186.2
nM, about 90% of the siRNA was encapsulated within the DSPE liposomes. Error bars indicate SEM. **** indicates P <0.0001. * indicates P
<0.01. Please click here to view a larger version of this figure.
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Figure 4: Representative Flow Cytometric Analysis of Brain Cell Suspensions 24 hr after Treatment with LSPCs. LSPCs were injected
into the tail velns of wildtype mice and brains were harvested 24 hr later. PBS was used as a treatment control, and a PrP*® mouse was used as
a control for PrP levels. (A) Mice treated with LSPCs showed a significant decrease of PrP levels compared to the PBS control, which shows
wildtype PrPC levels. The LSPCs treated mice showed PrPC levels close to that of a PrP mouse. (B) Cumulative data from three independent
experiments using the same 24 hr treatment protocol showed the relative amount of PrP in PBS wildtype and LSPCs treated mice. Across
the three experiments, mice treated with LSPCs showed significant decreases in PrPC levels as compared to PBS wildtype controls. Error bars
indicate SEM. *** indicates P <0.0003. Please click here to view a larger version of this figure.

This report describes a protocol to create two targeted delivery systems that efficiently transports siRNA to the CNS. Previous methods

of delivering siRNA to the CNS included injecting siRNA/shRNA vectors directly into the brain, intravenous injection of targeted siRNA, or
intravenous injection of non-targeted liposome-siRNA complexes. Injection of siRNA/shRNA vectors into the CNS does cause a decrease in
target protein expression levels. However the siRNA/shRNA does not diffuse freely through the CNS. Furthermore, these injections result in
damage to the adjacent nervous tissue®®. The |ntravenous injection of targeted siRNA also results in reduction of the target protein. However,
most of the siRNA is degraded by serum protelns . Lastly, intravenous injection of untargeted liposome-siRNA complexes results in the
entrapment of the siRNA within the liver and degradation by the mononuclear phagocyte system21. The siRNA delivery vehicles described
above, LSPCs and PALETS, provide a safer, more effective, and efficient delivery system than previous methods by delivering siRNA directly to
the CNS. The LSPCs and the PALETS are also capable of transporting other small molecule drugs to the CNS.

PALETS or LSPCs should be used within a few hours after assembly. Otherwise there is a risk of the siRNA becoming non-functional/degraded.
The other critical step that cannot be stopped/interrupted is the preparation and running of the cell suspension for flow cytometry. It is important
to perform flow cytometry on the same day that the cell suspension is prepared, since the suspension contains live cells that need to be alive for
analysis.

There are a few steps within the protocol that can be altered depending on whether the LSPCs or PALETS will be used in vitro or in vivo, on what
small molecule drug is loaded into the LSPCs or PALETS, and on laboratory preference. First,the lipid molar ratios of the LSPCs and PALETS
can be optimized for other applications. However, phosphatidylethanolamine (PE in DSPE) hydrates poorly when used at a 60% weight/weight
or higher. When used at these higher concentrations, DSPE molecules will aggregate with each other and form an insoluble mass of lipids. This
mass of lipids is not able to encapsulate siRNA. If N, gas is unavailable, the lipid mix can be dried using evaporation. Evaporation takes about 3
days, and should be performed in a fume hood due to the use of methanol and chloroform. In this protocol, the thin lipid film was resuspended
with 1x PBS but it can also be resuspended with other hydration buffers. Other buffers include water, 10% sucrose, or any other aqueous buffer.
The choice of rehydration buffer is dependent on the intended use of the liposomes and the agent being encapsulated within the liposome 2223
The hydration buffer should be kept above the gel-liquid crystal transition temperature (Tc or Tm) of the lipids or the liposomes will not rehydrate
properly. In the described protocol, the suspended liposomes were uniformly sized using an extruder. However, the liposomes can also be sized
using syringe filters or sonication. The same filter pore sizes used for the extruder can be used as syringe filters. Also, the liposome suspension
can be resized after hydration with the siRNA solution. However, we observed a loss of siRNA from liposomes when sized by the extruder after
the hydration step (unpublished data).

Since the biological role of PrPC is not yet understood®, it is possible that there could be some deleterious effects produced by reducing Prp®
levels. However, because prion protein deficient mice develop, behave, and age normaIIy it is likely that these deleterious effects would either
be minor or not visibly apparent. Furthermore, siRNA knockdown of Prp° expression would not completely abolish protein expression and is
completely reversible with no possibility of viral oncogenesis, unlike lentivector RNAi
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Limitations with the delivery systems include reduced uptake of anionic PALETS into biological membranes, and the immunogenicity of LSPCs
due to the cationic lipids. If immunogenicity of the LSPCs is observed, PALETS can be used as an alternative. Reduced uptake of anionic
PALETS into anionic biologic membranes can be overcome by using cationic PALETS, or by reformulating anionic PALETS with a mixture of
cationic and anionic lipids.

In this report, the reduction of PrPC varies widely from mouse to mouse. This variation could be due to a variety of factors: variation between
mice, the small diameter of veins in mice, or degradation of siRNA. The use of inbred mice should eliminate much of the variability between
mice, but variation is always possible even with inbred mice. Also, mice have very small veins compared to other animal models. So, injecting a
large volume into the veins of mice can be problematic. We recommend practicing injections before trying to inject PALETS or LSPCs. However,
even with practice, sometimes it still takes a couple of injections to get all the volume of PALETS/LSPCs into the mouse, and the vein can
collapse at any one of these injections. So, one mouse might receive all the volume of PALETS/LSPCs, whereas another mouse might only
receive 75-90% of the PALETS/LSPCs volume.

Other possible sources of variation include circulation time and degradation of the siRNA by serum proteins. The PALETS/LSPCS might circulate
longer before reaching the brain in one mouse compared to another, which could explain the variation. We only allowed LSPCs to circulate for
24 hr before euthanizing mice in the above experiment. If the circulation time is causing the variation, then increasing the circulation time beyond
24 hr should reduce some variation. Even though we package the siRNA with the PALETS/LSPCs, there is always a chance of degradation

of the siRNA and/or the delivery vehicles. As mentioned earlier, the cationic lipids are slightly immunogenic. So, ifimmune cells within the
bloodstream are attacking the vehicles, then it would take longer for the vehicles to be delivered to the brain or the vehicles might become
degraded. Switching from cationic lipids to anionic PALETS might help reduce the slow circulation time or degradation when using cationic lipids.

The RVG-9r peptide transports the LSPCs and PALETS to any cell within the CNS that contains nicotinic acetylcholine receptors. This includes
both neuronal cells microglial cells and astrocytes . For PALETS or LSPCs to be an effective treatment for prion diseases it is important to target
all cells that contribute to prion pathogenesis. Neuronal cells contaln the most Pre® of any other cell type within the CNS. Therefore neuronal
cells help to contribute the spread of prions throughout the brain®"?® . Targeting neuronal cells and reducing the cells' prp°© expression could
result in a decrease of prion pathogene5|s However neuronal cells are not the only cell type that contributes to prion disease. Astrocytes have
been implicated in the replication of prlons 930 Therefore, not only is it important to target neuronal cells, but to also target astrocytes to reduce
prion pathogenesis.

The delivery systems described here are amenable to various optimization strategies that would make them suitable for a wide range of disease
applications. LSPCs and PALETS are capable of transporting any small molecule drug to the CNS, not just siRNA, which gives the vehicles

the potential to treat more than just neurodegenerative diseases. PALETS and LSPCs could be used to treat any disease that affects the brain
depending on the small molecule drug loaded into the vehicles. Also, changing the targeting peptide could allow the delivery vehicles to deliver
small molecule drugs to a specific subset of cells within the CNS, instead of any cell that has acetylcholine receptors. PALETS and LSPCs
represent a novel, more efficient and flexible delivery system for small molecule drugs to treat diseases that affect the CNS.
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