Kato Shum
John Rossi  Editors




METHODS IN MOLECcULAR BioLoGY

Series Editor
John M. Walker
School of Life and Medical Sciences
University of Hertfordshire
Hatfield, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651


http://www.springer.com/series/7651
http://www.springer.com/series/7651




SIiRNA Delivery Methods

Methods and Protocols

Edited by
Kato Shum and John Rossi

Beckman Research Institute of City of Hope, Duarte, CA, USA

M2,

>« Humana Press



Editors

Kato Shum John Rossi

Beckman Research Institute of City of Hope Beckman Research Institute of City of Hope
Duarte, CA, USA Duarte, CA, USA

ISSN 1064-3745 ISSN 1940-6029 (electronic)

Methods in Molecular Biology

ISBN 978-1-4939-3111-8 ISBN 978-1-4939-3112-5 (eBook)

DOI110.1007/978-1-4939-3112-5
Library of Congress Control Number: 2015947262

Springer New York Heidelberg Dordrecht London

© Springer Science+Business Media New York 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed to
be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer Science+Business Media LLC New York is part of Springer Science+Business Media (www.springer.com)


www.springer.com

Preface

RNA interference (RNAL) is a cellular process for gene silencing based on recognition and
subsequent degradation of specific mRNA sequences. The process was initially observed in
plants and was later demonstrated in the nematode worm by Andrew Fire and Craig Mello.
This groundbreaking discovery won Fire and Mello the Nobel Prize in physiology or medi-
cine in 2006. The RNAI process can be triggered by chemically synthesized small interfer-
ing RNAs (SiRNAs) or vector-expressed short hairpin RNAs (shRNAs). SiRNAs are short
double-stranded RNA molecules (20-25 bp) with two well-defined overhanging nucleo-
tides at the 3’ end, and shRNAs are longer double-stranded RNA molecules (~70 bp) that
contain a tight hairpin turn.

Since RNAI harnesses a natural pathway that can turn off gene expression at the post-
transcriptional level even before protein translation occurs, the knowledge that SiRNA can
affect gene expression has had a tremendous impact on basic and applied research, and RNAi
is currently one of the most promising new approaches for disease therapy. RNAi-based
therapeutics possess several advantages over small molecules and biologics, and one major
advantage is that SIRNA/shRNA therapeutics can be optimally designed for any target,
including targets that are considered “undruggable.” Currently, there are approximately 22
different SIRNA /shRNA therapeutics undergoing rigorous clinical testing for diseases rang-
ing from genetic disorders to human immunodeficiency virus infections and cancers. For
example, Patisiran (ALN-TTRO02), led by Alnylam® Pharmaceuticals, is currently in phase I1T
clinical trials and represents the most advanced RNAi-based therapeutic. Patisiran silences
TTR mRNA transcripts to reduce accumulation of amyloid deposits in the liver for the treat-
ment of transthyretin (TTR)-mediated amyloidosis. If successful, Patisiran will be a signifi-
cant milestone for the entire field of RNAI therapeutics and will provide a model for future
trial design, FDA regulatory approval, and strategies for RNAi commercialization.

Although much is known about the mechanisms of RNAi, there are a number of chal-
lenges that applications of this gene-silencing technology need to overcome, such as cyto-
plasmic delivery of SiRNA/shRNA. Delivering SiRNA/shRNA molecules to the right
tissue and cell type to treat disease is extremely difficult. Getting SiRNAs across the cell
membrane and into the cytoplasm where they can effectively silence their target mRNAs
poses significant hurdles. Investigators in academia and biotech/pharmaceutical industry
have made intensive efforts to understand the molecular mechanism of RNAi and develop
more advanced RNAI delivery formulations. The two main strategies are delivery of SIRNAs
by chemical formulation (nonviral delivery) or delivery of shRNA-encoding genes by engi-
neered viruses that will ultimately generate SiIRNAs by transcription in the target cells (viral
delivery). Viral vectors are one of the major vehicles in RNAi-based therapeutics that have
advantages for difficult-to-transfect cells and for stable shRNA expression; however, con-
cerns of potent immunogenicity, insertional mutagenesis, and biohazards of viral vectors
may present a variety of potential problems to the patient. Nonviral methods could offer
certain advantages over viral methods, and various innovative nonviral vectors have been
vigorously developed to provide a safer and more efficient delivery system. Nevertheless,
few of these vectors have so far been developed clinically owing to their low delivery effi-
ciency relative to viral vectors.



vi Preface

In SiRNA Delivery: Methods and Protocols, we present a collection of cutting-edge
strategies in delivery of SIRNA /shRNA developed or refined in the past few years, pro-
duced by a team of internationally renowned authors. This book is divided into two parts.
The larger, first part covers a variety of nonviral SiRNA delivery formulations, including
modified nucleotides and backbones (Chapter 1), peptides (Chapters 2-5), lipid-based
nanoparticles (Chapters 6-9), exosomes (Chapter 10), dendrimers (Chapter 11), chito-
sans (Chapter 12), carbon nanotubes (Chapter 13), recombinant yeasts (Chapter 14),
oligonucleotides (Chapters 15-17), and antibodies (Chapter 18). The smaller, second
part covers three viral vehicles for shRNA delivery: lentiviruses (Chapter 19), adenoviruses
(Chapter 20), and adeno-associated viruses (Chapters 21 and 22). Each protocol contains
a brief introduction to their respective topic, list of the necessary materials and reagents,
step-by-step readily reproducible laboratory protocols, and problem-solving tips. Lastly,
Chapter 23 will discuss and compare various delivery strategies employed to solve the
problem of SiRNA /shRNA delivery.

Finally, it has been an honor to work with each of the authors in assembling this com-
pilation of protocols and procedures. We congratulate them all on their achievements mark-
ing their methods available. We are grateful to John M. Walker, the series editor, who gave
us this opportunity and guided us patiently through the entire process. We hope you will
find SERNA Delivery: Methods and Protocols a useful reference easily used at the lab bench.

Duarte, CA, USA Kato Shum
John Rossi
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Chapter 1

Synthesis and Conjugation of Small Interfering
Ribonucleic Neutral SiRNNs

Alexander S. Hamil and Steven F. Dowdy

Abstract

Due to their high potency (EC50 ~1 pM) and exquisite target selectivity for all expressed mRNAs, small
interfering RNA (siRNA)-induced RNAI responses hold significant promise as a therapeutic modality.
However, the size and high negative charge of siRNAs render them unable to enter cells without assistance
from a delivery agent. Most current methods of siRNA delivery rely on encasing siRNA molecules in large
nanoparticles or cationic liposomes. However, these approaches suffer from a number of problems, including
a poor diffusion coefficient, cytotoxicity, and poor pharmacokinetics. To address the problem of siRNA
in vivo delivery, we developed monomeric neutral RNAi prodrugs, termed siRibonucleic neutrals (siRNNs),
that directly neutralize the phosphate backbone negative charge by synthesis with bioreversible phosphot-
riester groups that are enzymatically cleaved off in the cytoplasm of cells. Here we describe the synthesis
and purification of siRNN conjugates that induce in vivo target gene knockdown following systemic
delivery into mice.

Key words siRNN prodrug, RNAi delivery, siRNN delivery, Bioreversible phosphotriester, GalNAc

1 Introduction

siRNA-induced RNAI responses have become a standard meth-
odology used in the study of gene function in vitro, but the
biophysical properties of siRNAs have limited their use in vivo.
siRNAs can be synthesized in a scalable manner, allowing for the
rapid production of siRNAs directed against any target mRNA [1].
However, for all the promise as a therapeutic, siRNAs have several
significant negative attributes that limit their usefulness. The high
negative charge of siRNA phosphodiester backbone and the
14,000 Dalton (Da) size prevent siRNA molecules from crossing
the cellular membrane [2]. These attributes also make siRNAs
pharmacokinetically unfavorable, as naked siRNAs are removed
from the bloodstream by the kidneys within minutes of injection
into a mouse [3]. Moreover, naked native charged siRNAs are
rapidly degraded in blood by serum nucleases.

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_1, © Springer Science+Business Media New York 2016
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2 Alexander S. Hamil and Steven F. Dowdy

Here, we demonstrate the synthesis of monomeric neutral
RNAI prodrugs, termed siRibonucleic neutrals (siRNNs). Due to
neutralization of the negatively charged phosphodiester with bior-
eversible phosphotriester protecting groups, siRNNs show high
stability against serum nucleases and can be used for in vivo delivery.
Inside of cells, the S-acyl-2-thioethyl (SATE) phosphotriester
group used in siRNNs is specifically converted into a charged
native phosphodiester linkage by cytoplasmic thioesterases, result-
ing in a native wild type charged siRNA that is loaded into Ago2 to
induce robust RNAI responses [4]. RNN oligonucleotides can be
synthesized on standard oligonucleotide synthesizers using
commercially available phosphoramidites and RNN phosphorami-
dites that can be synthesized on site [5]. Similar to RNA, RNN
oligonucleotides are purified by reversed-phase high-performance
liquid chromatography (RP-HPLC). Purified RNN oligonucleotides
are then analyzed by mass spectrometry and urea denaturing gel
electrophoresis. RNNs show both high coupling and purification
yields on par with, if not better than RNA oligonucleotides. Finally,
RNN oligonucleotides containing reactive phosphotriester groups
are conjugated to Tris-GalNAc, a hepatocyte-specific targeting
domain, and duplexed to complementary RNN oligonucleotides
to form siRNN conjugates ready for animal injection [6].

2 Materials

2.1 Synthesis
and Purification
of RNN
Oligonucleotides

1. Phosphotriester phosphoramidites: Cannot contain a 2’-OH
and must have ultramild exocyclic amino group protection
(either phenoxyacetyl (PAC) or 4-isopropylphenoxyacetyl
(iPr-PAC)) (see Note 1). Recommended RNA phosphorami-
dites are: 2’-OMe-5'-O-DMTr-PAC-A-CE (Glen Research,
Cat. # 10-3601-XX), 2’-Fluoro-5'-O-DMTr-PAC-C-CE (R. 1.
Chemicals, Cat. # P1500-01), 2’-OMe-5'-O-DMTr-iPr-PAC-
G-CE (Glen Research, Cat. # 10-3621-XX), and 2’-Fluoro-5'-
O-DMTr-U-CE (R. I. Chemicals, Cat. # F-1015).

2. RNN phosphoramidites (synthesis methods described in
Meade etal. [5]) are: 2’-OMe-5-O-DMTr-PAC-A-tBu-SATE,
2’-fluoro-5'-O-DMTr-PAC-C-tBu-SATE, 2’-OMe-5’-O-
DMTr-iPr-PAC-G-tBu-SATE, 2’-fluoro-5-O-DMTr-U-zBu-
SATE, aldehyde A-SATE phosphoramidites of the above, and
dT-Q-CPG 500 (Glen Research, Cat. # 21-2230-XX) (see Note 2).

3. Oligonucleotide synthesis chemicals are the following:
Activator: 5-Benzylthio-1H-tetrazole (BTT) in Acetonitrile
(Glen Research, Cat.# 30-3170-XX) (see Note 3).

4. Deblocking reagent: 3 % TCA (w/v).

5. Cap A: Ultra Mild Cap A THEF/Pyridine/Pac,O (Glen
Research, 40-4210-XX) (see Note 4).



2.2 Analysis of RNN
Oligonucleotides

2.3 SsiRNN
Conjugation

10.

11.
12.
13.

14.

15.
16.
17.
18.
19.
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. Cap B: 16 % Melm in THEF.
. Acetonitrile, anhydrous.
. Oxidizing reagent: 0.02 M L,O in THE/Pyridine/H,O

(70,/20,/10).

. CPG cleavage solution: 10 % diisopropylamine (DIA), 90 %

anhydrous methanol. Prepare immediately before use.

HPLC Buffer A: 50 mM triethylamine acetate (TEAA) in
ultrapure water.

HPLC Butffer B: 90 % acetonitrile (ACN) in ultrapure water.
Stericup-GP, 0.22 pm, polyethersulfone, 1000 mL.

Matrix for MALDI-TOF analysis of RNNs: 10 mg/mL
2’ 4' 6'-Trihydroxyacetophenone (THAP) and 50 mg/mL
diammonium citrate in 50 % acetonitrile and deionized water
(see Note 5).

DMT removal buffer: 80 % glacial acetic acid, 10 % ACN, 10 %
ultrapure water.

Oligonucleotide synthesizer.
Centrifugal evaporator.
RP-HPLC.

MALDI-TOF.

Lyophilizer.

. Illustra NAP-10 Columns, Sephadex G-25 DNA Grade.
. 40 % acrylamide /bis solution, 19:1.
. 10x Tris-borate-EDTA (TBE).

. 10 % Ammonium persulfate in deionized water.

N,N,N’,N’-Tetramethylethylenediamine (TEMED).

. Gel running buffer: 1x TBE in deionized water.
. 100x bromophenol blue (BPB) solution: 0.2 g Tris base, 0.2 g

BPB dissolved in 9.9 mL of deionized water.

. 2x Denaturing gel loading buffer (10 mL): 9.8 mL of

formamide, 100 pL of 0.5 M EDTA, pH 8.0, and 100 pL of
100x BPB solution.

. Methylene blue stain: 250 pL saturated 35 mg/L methylene

blue solution and 19.75 mL of deionized water.

. Aniline.

2. GalNAc-HyNic.

. Ethanol (200 proof).
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3 Methods

3.1 Synthesis
and Purification
of RNN
Oligonucleotides

10.

11.

12.

. Synthesize RNN oligonucleotide on standard solid-phase

oligonucleotide synthesizer. Use oligonucleotide synthesis
chemicals, dT-Q-CPG solid support, and phosphoramidites
listed in Subheading 2.1. Use 6-min coupling time for all RNN
phosphoramidites.  Synthesize =~ RNN  oligonucleotides
DMT-On for RP-HPLC purification (see Note 6).

. After completion of RNN oligonucleotide synthesis, remove

column from synthesizer and transfer resin into a 2 mL screw-
cap microcentrifuge tube. Add 1 mL of CPG cleavage solution
to tube containing CPG-oligonucleotide. Incubate for 4 h at
room temperature on a rotisserie rotator.

. After 4 h, pellet CPG by brief centrifugation in a mini centri-

fuge (5 s at 2000 xg). Transfer crude RNN oligonucleotide
supernatant to a new 1.5 mL microcentrifuge tube. Wash CPG
with 0.5 mL of anhydrous methanol and pool with crude RNN
oligonucleotide solution.

. Dry crude RNN oligonucleotide by centrifugal evaporation

(see Note 7).

. Once dry, dissolve crude RNN oligonucleotide pellet in 50 %

ACN by briefly heating at 65 °C and vortexing.

. Inject into RP-HPLC column for purification with the follow-

ing protocol: flow rate: 1 mL /min, gradient: 0-2 min (100 %
Buffer A/0 % Buffer B), 2—42 min (0 % Buffer B to 60 % Buffer
B) (see Notes 8 and 9) (Fig. 1a).

. Collect 500 pL fractions across DMT-On peak.
. Analyze HPLC fractions for presence of full-length RNN oli-

gonucleotide on MALDI-TOF using THAP matrix (Fig. 1b).

. Freeze fractions containing full-length RNN oligonucleotide

and lyophilize until dry (see Note 10).

Once dry, dissolve each fraction in 100 pL of 50 % ACN in
ultrapure water and pool with other fractions containing full-
length RNN oligonucleotide. Freeze and lyophilize dry pooled
RNN oligonucleotide.

To remove DMT group, add 200 pL of DMT-removal bufter
to lyophilized RNN oligonucleotide pellet. Incubate solution
for 1 h at 65 °C. After 1 h, freeze and lyophilize solution.

For RNN oligonucleotide desalting, equilibrate NAP-10 col-
umn with 15 mL of 20 % ACN in ultrapure water. Resuspend
RNN oligonucleotide in 1 mL of 20 % ACN in ultrapure water.
Incubate RNN oligonucleotide solution at 65 °C for several
minutes and vortex periodically to bring oligonucleotide into
solution. Once in solution, cool to room temperature and then



Small Interfering Ribonucleic Neutral 5

a
g 600 A
O 500 1
©
& 400 1
3
300 1
S e ACN (90%)
2 200 1 4
5 = A260
&8 1001 ‘j
< L }""h.-
0 10 20 30 40 50
Time (min)
b
100
90
80 RNN
70 6,987 Da
g Obtained Mass
g 60 6,984 Da
FC_.’ 50 Expected Mass
2 40
30
20
10 L
0 —-&\—'h.__. L bt L . L i ...k‘l'\-«.
1000 2500 4000 5500 7000 8500
Mass (m/z)
C

GalNAc
#A-SATE: A1 A1l

GalNAc
-ssKRNN >

ssSRNN > e

Fig. 1 Synthesis, purification, and conjugation of RNN oligonucleotides. (a) Representative RP-HPLC chromato-
gram of a crude RNN oligonucleotide. Gradient begins at 100 % 50 mM TEAA in H,0 and ends at 90 %
ACN. Fractions are collected across the main peak and analyzed by MALDI-TOF mass spectrometry. Fractions
containing full-length product are pooled, frozen, and lyophilized for further processing. (b) MALDI-TOF analysis
of crude RNN oligonucleotide using THAP matrix. (¢) Urea denaturing gel analysis of an RNN oligonucleotide
containing one reactive A-SATE phosphotriester conjugated to Tris-GalNAc. Left /lane: Unconjugated RNN
oligonucleotide. Right lane: GaINAc-conjugated RNN oligonucleotide
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3.2 Analysis of RNN
Oligonucleotides

3.3 Conjugation
of GalNAc-siRNN

13.

add to equilibrated NAP-10 column. To elute RNN oligonucle-
otide add 1.4 mL of 20 % ACN in ultrapure water to the NAP-
10 column and capture eluent. Freeze and lyophilize eluent
(see Note 11).

Resuspend lyophilized RNN oligonucleotide pellet in 200 pL
of 50 % ACN in water. If necessary, briefly incubate at 65 °C
and vortex to bring oligonucleotide into solution. Measure
absorbance of RNN oligonucleotide at 260 nm. Use the calcu-
lated extinction coefficient for your oligonucleotide and the
measured A260 to determine oligonucleotide concentration.
Dilute oligonucleotide to desired concentration with 50 %
ACN in ultrapure water and store at =20 °C.

. Mix urea denaturing gel solution components in a 50 mL

conical centrifugation tube. Add 10.5 g of urea, microwave for
9 s, and vortex until urea is fully dissolved. Add 200 pL of 10 %
ammonium persulfate, mix, add 20 pL of TEMED, and cast
two gels within 7.25 cmx10 cmx1.5 mm gel cassettes.
Immediately insert 10-well gel combs without introducing air
bubbles. Allow gels to sit at room temperature for 10-15 min
to ensure complete polymerization before use.

. Aliquot 1 nmol of RNN oligonucleotide to be analyzed in a

fresh microcentrifuge tube. Dry sample by centrifugal evapora-
tion (without heat) or by lyophilization (see Note 12).

. Once oligonucleotide samples are completely dry, dissolve pel-

lets in 3-5 pL of 2x denaturing gel loading buffer. Incubate
samples in a 65 °C heating block for 1 min and cool on ice.

. Place gels in running apparatus and fill with gel running buftfer.

Remove the comb gently and electrophorese for 10 min at
200 V constant to preheat the gel prior to gel loading.

. Prior to gel loading, use a syringe and needle to clean out the

wells of the gel. Load prepared oligonucleotide solution to
each well and run at 200 V constant for 1 h or until bromo-
phenol blue dye front runs off of the gel (see Note 13).

. Remove gel from running apparatus and glass plates. Place in

dish containing 20 mL of methylene blue stain and rock gently
at room temperature until desired level of staining is accom-
plished (see Notes 14 and 15).

. Analyze purified RNN oligonucleotides on MALDI-TOF

using THAP matrix to ensure that the final product has the
expected mass (Fig. 1b).

. Set up the following conjugation reaction: 120 pM RNN oli-

gonucleotide (containing 1x A-SATE phosphotriester),
600 pM GalNAc-HyNic, 100 mM aniline in 50 % ACN, and
ultrapure water (see Note 16).
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2. Incubate reaction for 1 h at room temperature (see Note 17).

. Freeze and lyophilize conjugation solution until dry.

. Once dry, add 1 mL of ethanol to pellet. Incubate sample in a

65 °C heating block for 5 min with intermittent vortexing to
break up pellet.

. Incubate solution at -80 °C for 30 min.

6. Centrifuge sample for 5 min at 10,000x g to pellet insoluble

10.
11.

12.

13.
14.

material.

. Remove and discard supernatant (se¢ Note 18).
. Rinse pellet by adding 1 mL of -20 °C ethanol to pellet and

vortexing.

. Centrifuge sample for 5 min at 10,000 xg. Remove and dis-

card supernatant.
Dry GalNAc-RNN pellet by centrifugal evaporation.

Once dry, resuspend pellet in 50 % ACN and measure absor-
bance of RNN oligonucleotide at 260 nm. Use the oligonucle-
otide extinction coefficient and the measured A260 to
determine conjugate concentration (Fig. 1c).

To make GalNAc-siRNNs, aliquot an amount of GalNAc-
RNN conjugate, add an equimolar amount of the complemen-
tary RNN oligonucleotide, heat at 65 °C for 5 min, vortex,
and incubate at room temperature for 15 min to allow for
RNN oligonucleotide and conjugated RNN oligonucleotide
to duplex.

Freeze GalNAc-siRNN sample and lyophilize dry (see Note 19).

Once dry, resuspend GalNAc-siRNN in water or saline. Sample
is now ready for injection into animal models or to treat
primary hepatocytes.

4 Notes

. RNN oligonucleotide synthesis is incompatible with phos-

phoramidites that contain 2’-OH (following deprotection).
Presence of 2’-OH groups will also lead to strand scission at
locations of phosphotriester nucleotides.

. Any solid support that is susceptible to cleavage by 10 %

diisopropylamine in methanol may be used for RNN oligonu-
cleotide synthesis.

. BTT activator may form crystals on the ends of oligonucle-

otide synthesizer activator injection lines. If this occurs,
increase activator priming time or number of primes to remove
obstructing crystal and ensure proper activator injection.
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4.

5.

10.

11.

12.

13.

14.

15.

Ultra Mild Cap A must be used to avoid exchange of iPr-PAC
or PAC protecting groups with acetyl groups.
3-Hydroxypicolinic acid (3-HPA) matrix is generally recom-
mended for MALDI-TOF analysis of oligonucleotides
>3500 Da. However, THAP matrix is better suited for the
analysis of fully 2’-OMe /F-modified oligonucleotides.

. If synthesis of a phosphorothioate oligonucleotide is desired,

RNN phosphoramidites are compatible with sulfurization dur-
ing oligonucleotide synthesis.

. Do not heat during centrifugal evaporation as this may lead to

SATE phosphotriester reversal.

. Buffer A should be filtered through a 0.22 pm filter prior

to use.

. Buffer B can also be made with 50 mM TEAA. However, pres-

ence of TEAA in Buffer B does not generally confer a purifica-
tion advantage and will necessitate more than 2 lyophilizations
to fully remove all TEAA from the collected fractions.

Do not pool fractions prior to the first lyophilization as this can
lead to concentration of TEAA and reversal of SATE
phosphotriesters.

RNN oligonucleotides that contain hydrophobic phosphotri-
esters (tBu-SATE) may be more difficult to solubilize. For
these oligonucleotides it is advisable to add 400 pL of 50 %
ACN in ultrapure water to lyophilized oligonucleotide pellet,
incubate solution at 65 °C for several minutes with periodic
vortexing, and then add 600 pL of ultrapure water to the solu-
tion to bring the final oligonucleotide solution to 1 mL of
20 % ACN in ultrapure water.

The acetonitrile present in RNN oligonucleotide stocks will
cause gel loading errors if the sample is not fully dried.

Urea will constantly diffuse out of the gel and into the wells
that leads to poor resolution of samples. It is recommended
that wells be flushed out with a syringe and needle, the flushed
out wells loaded with sample, and then the process repeated until
all samples have been loaded. The gel should be loaded and
run promptly, as urea will continue to diffuse out of the gel
and compress samples loaded into wells.

Neutralizing phosphotriesters decrease methylene blue staining
of oligonucleotides. This will cause lighter staining of RNN
oligonucleotides relative to RNA oligonucleotides despite
equimolar loading.

5-10 min of incubation will generally be sufficient to stain
21-mer RNN oligonucleotides. Afterwards, destain gel in
deionized water on a rocker at room temperature. Examine
destained gel for the presence of fast-migrating truncation
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products that cannot be seen above background stain prior to
destaining.

If conjugating to an RNN oligonucleotide containing more
than 1x A-SATE phosphotriester maintain a 1:5 molar ratio of
A-SATE to GalNAc-HyNic. For example, if conjugating an
RNN oligonucleotide containing 3x A-SATEs the reaction
should contain 120 pM RNN oligonucleotide and 1.8 mM
GalNAc-HyNic.

For reaction volumes>100 pl, incubate on a rotisserie
rotator.

Supernatant contains unreacted GalNAc-HyNic and residual
aniline. If desired, supernatant can be retained for re-purifica-
tion of unreacted GalNAc-HyNic.

To examine conjugation status of the RNN oligonucleotide at
any time during this procedure, lyophilize 1 nmol of GalNAc-
conjugated RNN oligonucleotide and 1 nmol of unconjugated
RNN oligonucleotide until dry. Run unconjugated and
GalNAc-conjugated RNN oligonucleotide side by side on a
urea denaturing gel and stain with methylene blue as described

in Subheading 3.2 (Fig. 1c¢).
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Chapter 2

Liver-Targeted SiRNA Delivery Using Biodegradable
Poly(amide) Polymer Conjugates

Stephanie E. Barrett and Erin N. Guidry

Abstract

The realization of polymer conjugate-based RNA delivery as a clinical modality requires the development
and optimization of novel formulations. Although many literature examples of polymer conjugate-based
SiRNA delivery systems exist, the protocols described herein represent a robust and facile way of screening
any poly(amine)-based polymer system for SiRNA delivery. In this chapter, we describe the synthetic methods
used to prepare poly(amide) polymers using a controlled polymerization method, as well as the prepara-
tion of the resulting targeted SIRNA polymer conjugates. In addition, detailed methods are provided for
the characterization of the biodegradable poly(peptides) as well as the polymer conjugate that ensues.

Key words Biodegradable polymers, Polymer conjugates, SiIRNA delivery, Targeted delivery, SIRNA
protocols, Polyamide

1 Introduction

The key to successful clinical application of RNA interference
requires optimization and development of improved delivery vehi-
cles. The delivery vehicle must protect SIRNA from degradation
while in circulation, deliver the genetic material to the target cell of
interest, and assist the SIRNA with endosomal escape (Fig. 1) [1-7].
Several modalities have emerged, showing progress towards this
goal, including liposomes, lipid nanoparticles, and polymer conju-
gates, each offering its own advantages and challenges. In this
chapter, we focus on the use of biodegradable polymer conjugates
as delivery vehicles for the targeted delivery of SiRNA to hepato-
cellular tissue. Polymer conjugates offer several advantages over
other modalities, including their proven effectiveness as a tar-
geted-delivery strategy, their small sizes for improved tissue pene-
tration (diameters <50 nm), and their high degree of chemical
control over the structure of the conjugate [3, 8-10].

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_2, © Springer Science+Business Media New York 2016
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Recently, our group [11-14]and others [15, 16] have reported
pH responsive polymer conjugate delivery systems for the delivery
of SiRNA to liver hepatocytes, resulting in in vivo mRNA knock-
down in hepatocellular tissue (Fig. 2). The design employed in
these pH responsive polymer conjugates consists of a cationic or
cationic-amphiphilic polymer in which the cationic functionality of
the polymer is reversibly functionalized, masking the cationic char-
acter of the polymer conjugate in systemic circulation until it
reaches the acidic environment of the endosome. Additionally, the
targeting ligand ( N-acetylgalactosamine, GalNAc), which pro-
motes uptake into parenchymal liver cells using the asialoglycopro-
tein receptor (ASGPr), is incorporated through these pH-sensitive
masking groups (carboxydimethyl maleic anhydride or CDM).
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In this chapter, we describe the step-by-step synthesis and
characterization of biodegradable poly(amide) polymer conju-
gates, which have been specifically designed for the targeted
delivery of SiRNA to hepatocyte cells. Moreover, the protocols for
preparing polymer conjugates for SIRNA delivery described in this
chapter can be used for any polymer containing pendant amine
groups, including homopolymers, block copolymers, random
copolymers, and branched polymers.

2 Materials

2.1 Boc-t-Ornithine
N-Carboxyanhydride
NCA Monomer
Synthesis

2.2 Poly(amide)
Synthesis

2.3 CDM-PEG
Synthesis

2.4 SATA-Modified
SiBRNA Synthesis

2.5 Polymer
Conjugate Synthesis

1. N-Boc-r-ornithine, triphosgene, anhydrous tetrahydrofuran
(THEF), isopropylacetate (IPAc), hexanes, L-phenylalanine, sil-
ica gel (see Note 1), NMR solvents, water, and acetonitrile
(ACN).

1. N-butylamine, anhydrous N,N-dimethylacetamide (DMA),
dichloromethane (DCM), trifluoroacetic acid (TFA), and GPC
elution solvent: 10 mM LiCl in N,N-dimethylformamide
(DME).

1. 2-(2-Carboxyethyl)-3-methylmaleic ~ anhydride ~ (CDM),
dichloromethane (DCM), N,N-dimethylformamide (DMF),
oxalyl chloride, pyridine, ammonium chloride, 5 M HCI,
water, trifluoroacetic acid (TFA), acetonitrile (ACN), and
polyethylene glycol monomethyl ether.

1. DMSOm sodium bicarbonate and  N-succinimidyl-S-
acetylthioacetate (SATA).

2. SiRNA (see Note 2).

3. 0.1 M Sodium bicarbonate: Sodium bicarbonate (840 mg) was
dissolved in endonuclease-free water (100 mL). The solution
was stored at room temperature until use (see Note 3).

1. 100 mM Tris—HCI pH 9.0: Trizma base (12.1 g) was dissolved
in endonuclease-free water (1 L). The solution was pH adjusted
to 9.0 by dropwise addition of a 1.0 M HCl solution.

2. SATA-modified oligonucleotide solution (35 mg/mL):
15 mg of oligonucleotide was dissolved in endonuclease-free
water (428 pL). The solution was stored at 5 °C until use
(see Note 4).

3. Polymer solution (30 mg/mL): 61 mg of polymer (41 wt%,
with TFA as the major component, 25 mg actual polymer) was
dissolved in DMSO (835 pL) in a 40 mL glass vial. The solu-
tion was stored at 5 °C until use (see Note 4).
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2.6 Polymer
Conjugate Analytical
Characterization

2.7 Equipment
and Supplies

4.

SMPT solution (1 mg/100 pL): 5 mg of SMPT
(4-succinimidyloxycarbonyl-alpha-methyl-alpha(2-
pyridyldithio)toluene) was dissolved in 500 pL. DMSO. The
solution was stored at 5 °C until use (se¢ Note 4).

. CDM masking reagents: Weigh out 51.5 mg CDM-GalNac

(0.109 mmol, 50 equivalents) and 222 mg of CDM-PEG
(0.327 mmol, 150 equivalents) as solids into a 40 mL vial.

. 1 M dithiothreitol (DTT).

2. 100 mM Tris—=HCI, pH 8.4 (se¢ Note 5).

. GPC elution solvent: 100 mM Tris-HCI, pH 8.4, 2.0 M

sodium chloride. The solution was stored at room temperature
(see Note 5).

. HPLC chromatography solutions: 0.1 % TFA in water: Dissolve

trifluoroacetic acid (4 mL) in water (4 L). 0.1 % TFA in 70:30
methanol (MeOH):acetonitrile (ACN): Dissolve 4 mL trifluo-
roacetic acid in 2.8 L MeOH and 1.2 L. ACN (se¢ Note 5).

. Chemical fume hood.

2. Glassware oven.

w

O 0 NN O Ul B

11.
12.
13.
14.
15.
16.

. Round-bottom flasks (various sizes, for monomer and polymer

preparation).

. Glass bottles (various sizes, for buffer preparation).
. Glass vials (40 mL, 8 mL).

. HPLC vials.

. Karl-Fisher Titrator.

. Nitrogen/vacuum manifold.

. Magnetic stir plate.

10.

Gel-permeation chromatography system: Waters Alliance 2695
separation module equipped with a Waters 2414 refractive
index detector.

TOSOH TSKgel Alpha 3000 column.

GE Healthsciences Superdex 75HR 10,/300.
High-pressure liquid chromatography system.
C18 guard column (for HPLC).

Thermo betasil phenyl 50 pm, 50x4.6 mm.

Centrifuge dialysis tubes for polymer conjugate purification.
Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-3
Membrane (part number UFC900324). Filter units were dia-
lyzed with 0.1 M sodium hydroxide (1 cycle, 15 mL) followed
by rinsing with endonuclease-free water immediately prior to
use to remove the glycerol preservative per the manufacturer’s
instructions.
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Centrifuge dialysis tubes for determination of free CDM-
GalNAc and CDM-PEG. Millipore Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-10 membrane (part num-
ber UFC501008).

Dry-ice acetone bath.
Ice-water bath.

Lyophilizer (vacuum manifold may be used as an alternative).
Shakes.

3 Methods

3.1 Boc-L-Ornithine
N-Carboxyanhydride
Monomer Synthesis

3.2 1-Phenylalanine
N-Carboxyanhydride
Monomer Synthesis

10.
11.
12.

13.

1.

. Charge an oven dried 1 L round-bottom flask with a magnetic

stir bar and allow it to cool to room temperature under a
stream of nitrogen.

. Dissolve boc-1-ornithine (40.0 g, 150 mmol) in THF (400 mL,

water content=40 ppm, se¢ Note 6) in round-bottom flask
equipped with condenser and overhead stirrer.

. Add triphosgene (17.8 g, 60 mmol) to the slurry and stir at

25 °C.

. After 20 min, heat the mixture to 50 °C (see Note 7).
. After 3.5 h, cool the mixture to 10 °C and carefully quench

with ice water.

. Extract the solution with isopropylacetate (IPAc) (3x400 mL)

and wash the organic layer with ice cold water (2x200 mL).

. Filter the separated organic layer through a silica pad (200 g,

prewetted with THF), wash with THF (600 mL), and concen-
trate via rotary evaporation.

. Dilute the crude product with IPAc (200 mL, water

content=60 ppm).

. Concentrate the product by rotary evaporation until solid pre-

cipitate forms.
Age the solution for 0.5 h at 25 °C.
Add hexanes (350 mL) over 1 h.

Filter the product and wash with IPAc/Hexanes (1:2 v/v)
(300 mL).

Dry the solid under vacuum overnight at 25 °C.

Charge an oven dried round-bottom 1 L flask with a magnetic
stir bar and allow it to cool to room temperature under a
stream of nitrogen.

. Add phenylalanine (50.0 g, 303 mmol) to the flask.
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3.3 Monomer
Characterization

3.3.1 Confirmation

of N-Carboxyanhydride
Monomer Synthesis by 'H
NMR Spectroscopy

3.3.2 Confirmation
of N-Carboxyanhydride
Synthesis by High-
Performance Liquid
Chromatography

3.4 Polymer
Synthesis

3.

Add anhydrous THF (600 mL, 0.5 M) to the flask to give a
suspension.

4. Heat the suspension to 50 °C.

10.

11.

. Add triphosgene (35.9 g, 121 mmol, 0.4 equivalents) and stir

the suspension until the reaction goes clear (~30 min).

. Cool the reaction mixture to ambient temperature and then

concentrate by rotary evaporation to an oil.

. Slowly pour the oil into 3 L of hexanes with rapid stirring to

yield a white precipitate.

. Cap the resulting suspension using aluminum foil and place in

the freezer for 3 h.

. Filter the precipitate via vacuum filtration while maintaining an

inert environment and blowing nitrogen into the top of the
filter.

Rinse the white solid with hexanes (3x20 mL) to obtain the
product.

Collect the solid from the filter and dry overnight under
vacuum.

. Add 1 mg of monomer into a small vial and dissolve in 1 mL

. Using a pasture pipette, transfer the sample into a clean, dry

'H NMR tube without forming bubbles and immediately mea-
sure in a 500 MHz 'H NMR spectrometer (see Note 8).

. Confirm the synthesis of the monomer from the appearance of

proton peaks for the N-carboxyanhydride at the chiral carbon
(see Note 9).

. Add 1 mg of monomer into a small vial and dissolve in 10 mL

of 1:1 v/v ACN:H,O0.

2. Transfer 1 mL of this solution into an HPLC vial.

. Immediately measure in Agilent 1100 HPLC (se¢ Notes 10

and 11).

. Charge an oven dried round-bottom flask, flask #1, with a

magnetic stir bar and allow it to cool to room temperature
under a stream of nitrogen.

. Add L-boc-ornithine-N-carboxyanhydride monomer (250 mg,

0.97 mol) to the flask and purge with an atmosphere of nitro-
gen using a nitrogen,/vacuum manifold.

. Add 2 mL anhydrous DMA.

4. Charge a second oven dried flask (20 mL), flask #2, with a

magnetic stir bar and allow it to cool to room temperature
under a stream of nitrogen.



3.4.1 Confirmation
of Block Co-polymer
Synthesis by 'H NMR
Spectroscopy

3.4.2 Molecular Weight
Analysis of the Protected
Polymer by Gel Permeation
Chromatography

3.5 Polymer
Deprotection

10.
11.

12.

13.
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. In this second flask, add 0.5 mL of #-butyl amine and 5 mL of

DMA, keep under nitrogen.

. Add the #-butylamine solution in DMA (32 pL, 0.032 mol, 0.03

equivalents relative to monomer) from flask #2 to flask #1.

. Place flask #1 under vacuum (<10 mmHg) and stir at room

temperature overnight using a magnetic stir plate (see Note 12).

. Release vacuum using nitrogen and add r-phenylalanine-N-

carboxyanhydride monomer (43 mg, 0.225 mol) to the reac-
tion flask #1.

. Place the reaction flask #1 under vacuum (<10 mmHg) again

for an additional 8 h (se¢ Note 9).
Remove solvent (DMA) under reduced pressure.

Take crude, concentrated protected polymer solution and add
it dropwise into rapidly stirring water (20 times the crude poly-
mer solution volume) to cause polymer precipitation.

Filter the solid polymer, place it in a vacuum flask, freeze the
polymer solid using a dry-ice:acetone bath, and place under
vacuum for 48 h to dry the polymer solid.

Store protected poly(amide) at -20 °C.

. Add 5 mg of boc-protected polymer into a small vial and dis-

solve in 1 mL of DMSO-d,.

. Using a pasture pipette, transfer 1 mL of the sample into a

clean, dry 'H NMR tube without forming bubbles and mea-
sure in a 500 MHz 'H NMR spectrometer.

. Confirm the synthesis of the polymer from the appearance of

broadened proton peaks for the protected block co-polymer.

. Add 100 pL of the crude reaction mixture of protected block

co-polymer to 400 pL of diluent (DMF with 10 mM LiCl).

2. Transfer the solution into an HPLC vial.

. Immediately measure by GPC.

. The molecular weight and molecular weight distribution are

calculated by comparing them to poly(styrene) standards using
Waters software.

. Add the boc-protected polymer solution to a round-bottom

flask.

. Add dichloromethane at a concentration of 35 mg polymer/mL

(see Note 13).

. Stir the solution at room temperature under nitrogen.

. Add trifluoroacetic acid to the solution (1:1 dichloromethane:

trifluoroacetic acid by volume).
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3.5.1 Confirmation

of Deprotection of Block
Co-polymer by 'H NMR
Spectroscopy

3.5.2 Determination

of Ornithine:Phenylalanine
Ratio in the Poly(amide)
Block Copolymer

# of PHE repeat units =

5. Stir at room temperature for 20 min.

6. Evaporate solvent (DCM/TFA) under reduced pressure to
afford solid, deprotected polyamide (see Note 14).

7. Store protected poly(amide) at =20 °C.

1. Add 5 mg of deprotected polymer into a small vial and dissolve
in 1 mL of DMSO-dq.

2. Using a pasture pipette, transfer 1 mL of the sample into a
clean, dry '"H NMR tube without forming bubbles, and mea-
sure in 500 MHz '"H NMR spectrometer.

3. Confirm the synthesis of the polymer from the appearance of
broadened proton peaks for the block co-polymer (se¢ Note 15).

1. Use the spectra obtained from the 'H NMR of the deprotected
poly(amide) block copolymer.

2. The calculation of the average ratio of ornithine:phenylalanine
is completed by examining the signals between 1.4 and
1.8 ppm (equivalent to 4 protons, a) for ornithine and the
signals from 7 to 7.4 ppm for the phenylalanine (equivalent to
5 protons, b) (see Eq. 1).

3. Determine the number of hydrogens associated with ornithine
by integrating from 1.4 to 1.8 ppm/number of protons associ-
ated with that signal (4 protons).

4. Determine the number of hydrogens associated with phenyl-
alanine by integrating from 7 to 7.4 ppm/number of protons
associated with that signal (5 protons).

5. Determine the ratio of ornithine:phenylalanine by dividing the
number of hydrogens associated with ornithine by the number
of hydrogens associated with phenylalanine.

6. To determine the average number of phenylalanine monomers
per chain, take the number average molecular weight (Mn)
obtained from GPC and divide it by (molecular weight of the
boc-protected ornithine repeat unitx NMR ratio of ornithine
to phenylalanine + the molecular weight of the phenylalanine
repeat unit) (147 g/mol) (see Eq. 2).

7. Take the ornithine:phenylalanine ratio that was determined in
step 5, and multiply it by the average number of phenylalanine
in a chain to obtain the average number of ornithine mono-
mers in a chain (see Eq. 3):

Integration value for “a” /4 protons

Ratio of ORN:PHE = -
Integration value for “b” /5 protons

Mn obtained from GPC (2)
(ratio of ORN : PHE) + MW,

PHE repeat unit )

(MW,

ORN repeat unit



3.6 CDM-PEG
Synthesis

3.7 SATA-Modified
SiRNA Synthesis
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#of ORN repeat units = Ratio of ORN : PHE x # PHE units  (3)

1.

Weigh out CDM (10 g) into a 500 mL round-bottom flask
and add dichloromethane (250 mL) to dissolve solids.

2. Add DMF (0.84 mL).

. Chill reaction vessel to 0 °C using an ice bath and add oxalyl

chloride (7.3 mL) over 40 min.

4. Remove the ice bath and stir overnight at room temperature.

10.

11.
12.

13.

14.

15.

16.

. Blow nitrogen through the reaction mixture to remove excess

HCI, venting through 10 N NaOH to trap HCI, for 2.5 h.

. Remove the reaction solvent under reduced pressure using a

rotary evaporator to give a crude oil (CDM-chloride).

. Dissolve crude CDM-chloride in dichloromethane (250 mL)

and transfer the solution to a 1 L round-bottom flask.

. Chill to 0 °C using an ice batch.
. Dissolve polyethylene glycol monomethyl ether (28.3 g) in

dichloromethane (60 mL) and pyridine (4.38 mL).

Add the polyethylene glycol monomethyl ether:pyridine solu-
tion to CDM-chloride solution over 70 min.

Continue to stir the reaction at 0 °C for 1 h.

To quench the reaction, add 22 % aqueous ammonium chlo-
ride (180 mL).

Adjust the pH of the reaction mixture to 1.98 with 300 pL of
5 N HCL

Pour the biphasic reaction mixture into a separatory funnel
(1 L) and collect the organic layer.

Remove the solvent under reduced pressure using a rotary
evaporator.

Purify the crude oil using reverse phase chromatography (C18
column, water:ACN with 0.1 % TFA, gradient of 5-100 %
ACN over 30 min).

. Weigh out SiRNA (50 mg) into an 8-mL vial equipped with a

magnetic stir bar. Add 0.1 M sodium bicarbonate bufter
(1 mL, 50 mg/mL) to dissolve the SIRNA solid and cool the
vial containing the SiRNA solution to 0-5 °C in an ice water
bath.

. In a separate vial, weigh out N-succinimidyl S-acetylthioacetate

(SATA, 8.2 mg, 10 equivalents) and add DMSO (80 pL) to
dissolve the solid SATA.

. Add the SATA solution to the SiRNA solution slowly over

1 min.

. Stir the reaction mixture for 2 h at 0-5 °C.
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3.8 Polymer
Conjugate Synthesis

3.9 Polymer
Conjugate Analysis:
SiRNA Concentration

5.

Using a pipet, transfer the crude SATA-SiRNA solution to the
centrifugal dialysis filter unit and dilute to a volume of 15 mL
with water.

. Using a centrifuge operating at 1,200xg, concentrate the

SATA-SiRNA solution to a volume of~3 mL. Discard perme-
ate. Dilute the SATA-SiRNA solution retentate to a volume of
15 mL with water. Repeat this procedure four additional times.

. After the final dialysis cycle, transfer the purified SATA-SiRNA

solution to a plastic falcon tube. Freeze the aqueous SATA-
SiRNA solution in a dry-ice/acetone bath. Place the frozen
SATA-SiRNA solution in a lyophilization container and freeze-
dry to give a white solid.

. To a 40 mL vial containing polymer solution in DMSO, add

SMPT solution (75 pL) and shake at RT for 1 h at 300 rpm
(see Note 16).

. Dilute polymer-SMPT solution with pH 9 100 mM Tris buffer

with 5 % glucose (9.85 mL) (see Note 17).

. To the polymer-SMPT solution, add the SiRNA solution

(143 pL) and shake at RT for 1 h at 300 rpm (see Note 18).

. Using a pipet, transfer the polymer-SMPT-SiRNA solution to

the 40 mL vial containing solid CDM-GalNAc and CDM-
PEG. Shake at RT at 300 rpm for 10 min to dissolve the solids
(see Note 19).

. Using a pipet, transfer the polymer conjugate to the centrifu-

gal dialysis filter unit and dilute to a volume of 15 mL with
100 mM Tris buffer, pH 9, with 5 % glucose.

. Using a centrifuge operating at 1,200xg, concentrate the

polymer conjugate to a volume of~3 mL. Discard permeate.
Dilute the polymer conjugate retentate to a volume of 15 mL
with pH 9 100 mM Tris buffer with 5 % glucose. Repeat this
procedure two additional times.

. After the final dialysis cycle, concentrate the polymer conjugate

to a volume of ~5 mL (~0.4-2.0 mg/mL SiRNA concentra-
tion). Transfer polymer conjugate to a plastic falcon tube and
store at —20 °C until use (see Note 20).

. Prepare SiRNA stock solutions at concentrations of 0.5 mg/

mL and 1.0 mg/mL in 100 mM Tris—-HCI pH 8 .4.

. Create an SiRNA calibration curve: Inject 2 pL of each stock

solution onto an HPLC equipped with an SEC column (GE
Healthsciences Superdex 75HR 10/300 column) with a
mobile phase composed of 100 mM Tris with 2 M NaCl,
pH 8.4 (UV at 260 nm). Integrate the AUC of each SiRNA
peak and plot AUC area versus concentration to generate a
calibration curve.



3.10 Polymer
Conjugate Analysis:
Conjugation Efficiency

3.11 Polymer
Conjugate Analysis:
Masking Efficiency
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. Determine SiRNA concentration of a polymer conjugate: Into

an HPLC vial, dispense 10 pL of polymer conjugate solution,
and dilute with 100 mM Tris, pH 8.4 to an approximate
SiRNA concentration of 0.1 mg/mL. Add 1 M dithiothreitol
(DTT) solution in water (10 pL). Age the sample for 30 min.
Inject 2 pL of DTT-treated polymer conjugate solution onto
an HPLC equipped with an SEC column (GE Healthsciences
Superdex 75HR 10,/300 column) with a mobile phase com-
posed of 100 mM Tris with 2 M NaCl, pH 8.4 (UV at 260 nm).
Integrate the AUC of the SiRNA peak. Use the previously
generated SiIRNA calibration curve to determine the SiRNA
concentration of the sample.

. Determine the unbound SiRNA concentration of a polymer

conjugate: Into an HPLC vial, dispense 10 pL of polymer conju-
gate solution and dilute with 100 mM Tris, pH 8.4 to an
approximate SiRNA concentration of 0.1 mg/mL. Inject 2 pL
of diluted polymer conjugate solution onto an HPLC equipped
with an SEC column (GE Healthsciences Superdex 75HR
10/300 column) with a mobile phase composed of 100 mM
Tris with 2 M NaCl, pH 8.4 (UV at 260 nm).

. Integrate the AUC of the SiRNA peak. Use the previously

generated SiRNA calibration curve to determine the SiRNA
concentration of the sample.

. Conjugation efficiency: Subtract the unbound SiRNA from

the total SIRNA (see Note 21).

. Prepare CDM-GalNAc stock solution at concentrations of

10 mg/mL and 5 mg/mL in water.

. Prepare CDM-PEG stock solutions at concentrations of

44 mg/mL and 22 mg/mL in water.

. Create a CDM-GalNAc and CDM-PEG Calibration Curve:

Inject 10 pL of each stock solution onto a reverse phase HPLC
(C18 guard column+thermo betasil phenyl 50x4.6 mm,
5 pm) with a mobile phases composed of 0.1 % TFA in water
and 0.1 % TFA in 70/30 methanol:acetonitrile (UV at
260 nm). Integrate the AUC of each SiRNA peak and plot
AUC area versus concentration to generate a calibration curve.

. Determine total CDM-GalNAc and CDM-PEG concentra-

tion: Into an HPLC vial, dispense polymer conjugate solution.
Inject 10 pL of undiluted polymer conjugate solution onto a
reverse-phase HPLC (C18 guard column + thermo betasil phe-
nyl 50x4.6 mm, 5 pm) with a mobile phases composed of
0.1% TFAinwaterand0.1% TFAin70 /30 methanol:acetonitrile
(UV at 260 nm). Integrate the AUC of the CDM-GalNAc and
CDM-PEG peaks. Use the previously generated CDM-
GalNAc and CDM-PEG calibration curves to determine the
CDM-GalNAc and CDM-PEG concentration in the sample.
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5. Determine Free CDM-GalNAcand CDM-PEG Concentration:

Place polymer conjugate (0.5 mL) in the centrifugal filter unit
and using a centrifuge (19,700 x4, 10 min), filter the sample,
collecting approximately 300 pL of permeate sample. Remove
the permeate from the collection portion of the centrifugal
filter unit and inject 10 pL of the undiluted permeate solution
onto a reverse-phase HPLC (C18 guard column +thermo
betasil phenyl 50x4.6 mm, 5 pm) with a mobile phase com-
posed of 0.1 % TFA in water and 0.1 % TFA in 70/30
methanol:acetonitrile (UV at 260 nm). Integrate the AUC of
the CDM-GalNAc and CDM-PEG peaks. Use the previously
generated CDM-GalNAc and CDM-PEG calibration curves to
determine the CDM-GalNAc and CDM-PEG concentration
in the sample.

. Estimate polymer concentration of a polymer conjugate: After

measuring the SiIRNA concentration for a given polymer con-
jugate sample (Subheading 3.9), the amount of polymer in the
sample may be estimated by multiplying the SiRNA concentra-
tion by the SiRNA /polymer ratio.

. Estimate the weight percent of ornithine in the polymer sam-

ple: The number of ORN repeat units was determined by 'H
NMR (Subheading 3.5.2). The MW of the ornithine (ORN)
repeat unit is 114 g/mol and the MW of the phenylalanine
(PHE) repeat unit is 147 g/mol (see Eq. 4).

. Estimate ornithine concentration (moles of amine) per mL

polymer conjugate: See Eq. 5 below. The concentration of poly-
mer conjugate was determined in step 5 (mg/mL) and the
weight percent of ornithine was determined in step 6. The MW
of the ornithine (ORN) repeat unit is 114 g/mol (see Eq. 5).

. Determine masking efficiency: Subtract the free CDM-

GalNAc/CDM-PEG from the total CDM-GalNAc/CDM-
PEG. This is the amount of bound CDM-GalNAc¢/CDM-PEG
in the sample (moles/mL). Use this value along with the orni-
thine per mL polymer conjugate calculated in step 7 (se¢ Eq. 6,
see Note 22):

Weight percent ornithine

" %of ORN repeat units x MW,

# of ORN repeat units x MWy e unic (4)
+ # of PHE repeat units x MW,

RN repeat unit 'HE repeat unit

Concentration (Moles)of ornithine per mL polymer conjugate

mg

= {Polymer conjugate (_Lﬂ x Weight percent ornithine
m

X (1 / (MWORN,-qm it X 1000)) 5)
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Masking efficiency (%)
= [Bound CDM (moles / mL)] /

[Ornithinc per mL polymer conjugate (moles / mL)] x100 (6)

4 Notes

10.

. Pre-packed silica columns were used for chromatography in

conjunction with an ISCO Combiflash chromatography sys-
tem; however manual chromatography and column packing
are also acceptable.

. Highly chemically modified SIRNA duplexes are recommended

for the synthesis of SIRNA-polymer conjugates. Polymer con-
jugates do not offer the same level of protection from nucle-
ases as particle-based SiRNA delivery vehicles and so improved
efficacy is observed with highly chemically modified SIRNA. For
the purposes of this protocol, the SiRNA targeting the gene
Apolipoprotein B17 was utilized. Sequence and chemical
modification pattern are shown below.

5’-amil-iB-CUUUAACAAUUCCUGAAAUTsT-iB-3’

3’-UsUGAAAUUGUUAAGGACUsUsUsA-5’

AUGC—Ribose; amil=hexyl amino linker; iB—Inverted
deoxy abasic; UC—2'Fluoro; AGT—2'Deoxy; AGU—
2’0OCHj;; UsA—phosphorothioate linkage

. Hold solutions no more than 24 h.
. These solutions should be prepared the day of conjugation.

. Fresh solvent is prepared on an as needed basis, but not kept

longer than 1 month.

. The water content is measured using a Karl Fisher Titrator.
. The reaction was monitored by HPLC and after 3.5 h the reac-

tion is complete.

. Avoid lag time in 'H NMR measurement, as monomer may

hydrolyze in the presence of water back to starting material
and yield inaccurate results for percent conversion to product.

. 'H NMR confirmation of N-carboxyanhydride monomer syn-

thesis by 'H NMR spectroscopy (500 MHz CDCl;, §): 7.38
(m,5H, Ar H), 6.96 (br.s, 1H Ar H), 5.13 (s, 2H; CH,), 4.95
(br. s, 1H; CH), 4.35 (m, 1H; CH), 3.27 (q, 2H; CH,), 2.00
(m, 1H; CH), 1.83 (m, 1H; CH), 1.72 (m, 2H; CH,).

Monomer purity was analyzed using an Agilent 1100 HPLC
equipped with an Ascentis Fused Core C18 column,
100x4.6 mm, 2.7 pm particle, with a gradient of 10-95 %
MeCN/0.1 wt% H;PO, in 6 min, hold 2 min, post 2 min,
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11.

12.

13.
14.

15.

16.
17.
18.

19.

20.

21.

1.8 mL/min, 10 min run, 2.0 UV 210 nm, 40 °C, sample
2.0 pL, 10 min run. Orn(Z) at 2.40 min. NCA-Orn(Z) at
3.40 min.

Avoid lag time in HPLC measurement, as monomer may
hydrolyze in the presence of water back to starting material
and yield inaccurate results for percent conversion to product.

Upon vacuum, bubbles will form in the solution, suggesting
the release of CO,.

A hazy solution is obtained.

The deprotected polymer is obtained as a trifluoroacetic acid
salt after the solvent and volatile byproducts are removed by
vacuum.

'"H NMR confirmation of deprotection of block co-polymer by
'H NMR spectroscopy (500 MHz CDCl3, 8): 7.38 (m, 5H, Ar
H), 6.96 (br.s, 1H Ar H), 5.13 (s, 2H; CH,), 4.95 (br. s, 1H;
CH), 4.35 (m, 1H; CH), 3.27 (q, 2H; CH,), 2.00 (m, 1H;
CH), 1.83 (m, 1H; CH), 1.72 (m, 2H; CH,).

5.4 equivalents of SMPT are used relative to SATA-SiRNA.
The target polymer concentration is ~2.5 mg,/mL.

After addition of the SATA-SiRNA solution to the polymer
solution, the reaction mixture may become a hazy suspension.
Mild shaking of the reaction mixture is acceptable, but vigor-
ous shaking or stirring may cause further aggregation of the
suspended particles and is not recommended.

Addition of the hazy reaction mixture to the CDM solids
should cause dissolution of the polymer conjugate due to
masking of the amine functional groups with the CDM
moieties.

Masking efficiencies of 40—-65 % were typically obtained for
polymer conjugate samples.

Conjugation efficiencies of 85-95 % were typically obtained for
polymer conjugate samples.

22. Masking efficiencies of 40-65 % were typically obtained for
polymer conjugate samples.
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Chapter 3

PepFect6 Mediated SiRNA Delivery into Organotypic
Cultures

Suvarna Dash-Wagh, Ulo Langel, and Mats Ulfendahl

Abstract

Gene silencing by small interfering RNA (SiRNA) is an attractive therapeutic approach for pathological
disorders that targets a specific gene. However, its applications are limited, as naked RNA is rapidly
degraded by RNases and is inadequately internalized by the target cells in the body. Several viral and non-
viral vectors have been described to improve the delivery of SIRNAs both in cultured cells as well as in vivo.
Increasing evidence suggests that cell-penetrating peptides (CPPs) are an efficient, non-cytotoxic tool for
intracellular delivery of SiRNA. Recently, a new peptide, PepFect6 (PF6), based system has been described
for efficient SIRNA delivery in various cell types. PF6 is an amphipathic stearyl-TP10 peptide carrying a
pH titratable trifluoromethylquinoline moiety that facilitate endosomal release. PF6 forms stable non-
covalent complexes with SIRNA. Upon internalization, the complexes rapidly escape the endosomal com-
partment, resulting in robust RNA interference (RNAi) responses. This chapter describes a protocol to use
the PF6-nanoparticle technology for SIRNA delivery into organotypic cultures of the inner ear i.e., cochlea.
We also highlight different critical points in the peptide /SIRNA complex preparation, transfection and in
analyzing the efficacy of PF6-SiRNA associated RNAi response.

Key words Cell-penetrating peptides (CPPs), PepFect6 (PF6), SiRNA, Inner ear, Cochlea,
Organotypic cultures, Fluorescence recovery after photobleaching (FRAD)

1 Introduction

Small interfering RNAs (SiRNA) have emerged as a new class of
therapeutics with a great potential for treating genetic disorders.
However, when introduced into the tissue, naked SiRNAs in gen-
eral are degraded by nucleases, which make the SiRNA delivery
more complicated and challenging. In addition, unaided double-
stranded RNA can induce innate immune response via interaction
with RNA-binding proteins such as Toll-like receptors and protein
kinase receptors [1]. The major hurdle in the development of
RNAI therapies is the intracellular delivery of SiRNAs due to their
negative charge and large size [2]. Various delivery strategies have
been developed using both viral and nonviral vectors. In recent
years, cell-penetrating peptides (CPPs) have emerged as potential

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
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nonviral vectors for delivery of nucleic acids and other bioactive
molecules, both in vitro and in vivo [3-5]. CPPs are short cationic
and/or amphipathic peptides that can be covalently or non-
covalently combined with negatively charged cargo, e.g.,
SiRNA. The major route of cellular entry for most of CPPs is via
endocytosis. They are trafficked through the early endosomes to
late endosomes, which are acidified to pH 5-6. Subsequently, the
late endosomes fuse with lysosomes where the pH further drops to
4.5 and various degradative enzymes are present. The CPP cargo
that fails to escape from these acidic vesicles is ultimately degraded
[6]. Therefore, for efficient SiRNA delivery, CPP technology must
be improved for higher endosomal escape.

Modification of the existing CPPs has helped to overcome this
endosomal entrapment [3, 7, 8]. A novel CPP, called PepFect6
(PF6), has been recently developed that exhibits increased release
of SIRNA molecules from the acidic endosomal compartments [3].
It is created by introducing a stearyl and trifluoromethyl quinoline
(QN) moieties into Transportan 10 (TP10). Earlier studies show
that stearylation of TP10 improves the activity and reduces cyto-
toxic effects of the peptide in serum, while addition of lysosomo-
tropic agent chloroquine (CQ) derivative QN enhances the
endosomal release of peptide /SiRNA complex [3, 8-10].

PFE6 can be non-covalently complexed with SiRNAs. It forms
homogenous, unimodal 70-100 nm nanoparticles with SiRNA,
which are stable at 4 °C in water for at least 4 weeks. A molar
excess of CPP over SiRNA neutralizes the negative charges of
SiRNA and thus protects it from serum enzymes [11]. However,
in the presence of serum, the nanoparticles are larger (125-200
nm) with wider distribution and are relatively less stable, especially
at 37 °C [3, 11]. Nevertheless, the PF6-SiRNA nanoparticles are
endocytosed within an hour by the cells, resulting in downregula-
tion of the target gene without cytotoxicity or immunogenicity
in vitro [3]. When injected systemically, PF6-SiRNA nanoparticles
elicit an RNAI response without any acute toxicity to the vital
organs [3, 10] suggesting promising perspectives for their future
therapeutic applications without any risks of inflammation.

This chapter describes a protocol for the use of the non-
covalent PF6 based intracellular delivery of SiRNA into the organ-
otypic cultures of the cochlea. SiRNA targeting a gap junction
protein, connexin 26, is used to test the functional efficacy of PF6-
SiRNA complexes. Connexin 26 knockdown results in the inter-
rupted intercellular communication among the supporting cells of
the cochlea [12, 13]. Fluorescence recovery after photobleaching
(FRAP) assay is a useful tool to study the gap junction functions.
Rate of diffusion of fluorescent dye after FRAP displays functional
effects of downregulation of connexin 26 expression by PF6-
SiRNA complexes.
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2 Materials

2.1 Cochlear
Organotypic Cultures

2.2 Peptide,
Oligonucleotide
and Transfection
Reagents

[ 2T N N S

. Cell-Tak, used according to the manufacturer’s protocol.
. Phosphate-buffered saline (PBS).

. 35 mm disposable dishes.

. Forceps # 5 and #55 for fine dissections of cochleae.

. 70 % ethanol.

(a) Cochlear medium: Advanced reduced Dulbecco’s modi-
fied Eagle’s medium with phenol red (DMEM), 1 % N1
supplement, 1.65 % Glucose, 1 % Penicillin.

. 4 well plate (3—4 explant/well; for RNA extraction) or Center-

Well Organ Culture Dish for FRAP assay (1 explant/dish).

. PF6 is developed as a peptide-based carrier for SIRNA delivery

by introducing modifications into the well-characterized TP10
peptide. Protocols for the synthesis and purification of PF6 are
described by Andaloussi et al. [3, 9]. PF6 and derivatives are
stable for at least 1 year when stored at -20 °C in a lyophilized
form.

. SiRNA targeting the hypoxanthine phosphoribosyltransferase

(HPRT) 1 gene sense 5'-GCCAGACUUUGUUGGAUUU
GAA ATT-3’ and antisense 5-AAUUUCAAAUCCAACA
AAGUCUGG CUU-3’ (biotin conjugated).

. SiRNAs targeting the connexin 26 gene (NM_001004099)

conjugated with biotin sense 5-AAGUUCAUGAAGGG
AGAGAUATT-3'- Cy5/biotin and antisense 5'-UAUCUCU
CCCUUCAUGAACUU-3".

4. Salt-free water.

AN G

. Cochlear medium (as above).

. 1.5 ml Eppendorf tubes.

2.3 Fluorescence 1. Cochlear cultures in the center-well culture dishes.
Recovery After 2. Calcein. AM.
Photobleaching (FRAF) ~ ; oo ’
Assay
4. Laser confocal microscope (LSM 510, Zeiss).
3 Methods

3.1 Organotypic
Cultures
of the Cochleae

The dissection of the inner ear cochlea is described elsewhere [ 14].
In brief, the explants are cultured as follows:

1.

Coat the dishes with Cell-Tak (135 pg/ml) for 1 h and wash
with water, 3 times at room temperature.
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3.2 Formation

of PF6/siRNA
Nanocomplexes

and Delivery of PF6-
SiBNA Nanocomplexes
into Organotypic
Gochlear Cultures

2.

Clean all instruments with 70 % ethanol or autoclave before
dissection.

. Decapitate the pups and dip the heads in 70 % alcohol for

disinfection.

. Split the skull in two and using #4 jeweler’s forceps cut out the

cochlea.

. Immerse cochleae in PBS maintained on ice.

. Dissect away the bony capsule using a #5 jeweler’s forceps and

transfer the soft tissue to PBS supplemented with 5.5 pl/ml of
30 % glucose.

. Carefully identify the stria vascularis, spiral ganglion, and

modiolus under high power and pull away from the explant
one at time (se¢ Note 1).

. Place one explant per coated center-well dishes with 1 ml

cochlear culture medium.

. Check under microscope and adjust so the hair cells face

upward (see Note 2).

The procedure for formation of PF6/SiRNA nanocomplexes con-
stitutes an important factor in the successful transfection and
should be followed carefully.

1.

Take the vial containing the PF6 lyophilized powder out of the
freezer and equilibrate for 30 min at room temperature with-
out opening the vial, to avoid exposure to humidity. Dilute
PFE6 in salt-free water to a final storage concentration of 1 mM
in a 1.5 ml tube (se¢ Note 3). Aliquot the peptides in 20 pl
aliquots to avoid several cycles of freeze-thawing, which will
decrease the efficacy of the peptide. This stock solution is sta-
ble for about 2—3 months when stored at -20 °C.

. When running an experiment, thaw one tube and add 180 pl

of water to obtain a 100 pM peptide solution.

. Mix gently by tapping the tube or by vortexing at low speed

for a few seconds.

. Prepare the nanocomplexes for experiments in duplicates in

RNase-free environment (se¢e Note 4). The final treatment
volume is 1 ml per well, i.e., 2 ml for duplicate. Prepare the
complexes in 1/10th of the final volume in salt-free water
(see Note 5), i.e., 200 pl complexes. Do not exceed the volume
required for four transfections, as this might cause
aggregation.

. Start by adding the appropriate volume of SiRNA and then

water and finally the PF6 for each reaction (at a molar ratio of
1:20 or 1:40 of SiRNA over peptide) (see Note 6). Conduct a
dose response assessment at each molar ratio (Fig. 1).
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Fig. 1 PF6-mediated delivery of siRNA targeting of HPRT1 and Connexin (Cx) 26
genes in the organotypic cochlear cultures. (a) Efficiency of PF6 was analyzed by
comparing the HPRT1 RNAi responses of PF6/HPRT1-siRNA and HPRT1-siRNA
alone in the cultures by RT-gPCR following 24 h of incubation (n=4). (b) The cul-
tures were incubated either with Cx26-siRNA alone (50 nM), or PF6/control-siRNA
(50 nmol/L) or PF6/Cx26-siRNA nanoparticles in two different concentrations
(50 and 100 nM). Quantitative analysis of transcript levels of Cx26, relative to beta-
actin mRNA, was determined by RT-gPCR and compared with PF6/control-siRNA
cultures after 24 (n=6) and 72 (n=4)hours. Actin was used as internal standard.
Error barsindicate mean + SEM, ***P<0.001, **P<0.01, *P< 0.05 (Mann—-Whitney
U-test). HPRT hypoxanthine phosphoribosyl transferase, ANA/i RNA interference,
RT-gPCR reverse transcription-quantitative PCR, siRNA short interfering RNA.
(Reproduced from ref. 15 with permission from Nature Publication Group)
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3.3 FRAP Assay:
Addressing the PF6-
Based siRNA Delivery
Efficacy

Nevertheless, do not exceed the final concentration of PF6
over 2 pM in serum-free media and 5 pM in serum containing
media to avoid peptide associated toxicity.

. For control, prepare only SiRNA sample in similar manner

(PF6 is replaced with water).

. Incubate for the tubes for 30—-60 min at RT.

. After incubation, prepare a serial dilution from prepared

complex solution in fresh tubes with 100 pl water (see Notes 6

and 7).

. Check ifall the cultures are attached and growing on the plate.

Randomly divide the dishes into three groups; control, only
SiRNA (50 nM) and PF6-SiRNA complex (SiRNA 100 nM).

. Replace the media in wells with fresh media, 900 pl in each

well.

. Add 100 pl of prepared complex to each well and shake the

plate slightly. Incubate the plates at 37 °C, 5 % CO, for 24 or
72 h (see Note 8).

. Take out one plate at a time from the incubator, at the specific

incubation time point. Add 2.5 pmol /L calcein to the medium,
incubate for another 10 min at 37 °C.

. Wash the culture thoroughly with warm PBS to remove free

calcein and image immediately using a confocal laser scanning
microscope equipped with a 40x water immersion objective at
room temperature (se¢ Note 9).

. Select a cell in the outer sulcus that is surrounded by other cells

from all sides. Acquire images of the size of 256 x256 pixels,
one every second. Photobleach the selected cell with 100 %
laser power of 488 nm between image 15th and 16th and
image further (Fig. 2). Analyze the cells with bleaching effi-
ciencies larger than 20 % for FRAP as reported earlier in ref.
[15]. The mean fluorescence intensity of the bleached region
is corrected for the background variations.

. Image only two or three cells are per culture, to avoid calcium

responses (see Note 10). Analyze five to six different cultures
per condition from three to four independent experiments for
calculating the significant differences.

4 Notes

. Dissection of cochleae should be done very carefully. The hair

cells are very sensitive to mechanical damages. While dissect-
ing, hold the organ of Corti only in the hook region or at the
extreme distal part.
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Fig. 2 Reduced gap junctional communication in PF6/Cx26-siRNA-treated cochlear cultures. (a) Representative
images of the Cx26-siRNA-treated supporting cells (upper panel) and PF6/Cx26-siRNA-treated supporting
cells (lower panel) before (—1 s, image 15), immediately (0 s, between image 15 and 16), and 50 s after pho-
tobleaching. The bleached cell (marked with a circle) recovered after 50 s in the Cx26-siRNA-treated cultures,
while the PF6/Cx26-siRNA-treated cells showed reduced recovery. Bar=5 pum. (b) The quantitative measure-
ment of the fluorescence recovery revealed significantly reduced recovery of PF6/Cx26-siRNA-treated cells in
comparison with the cells from the cochlear cultures treated with Cx26-siRNA alone or PF6/control-siRNA for
72 h. *P<0.01, *P<0.05 (Mann—Whitney U-test). FRAP fluorescence recovery after photobleaching, siRNA
short interfering RNA. (Reproduced from ref. 15 with permission from Nature Publication Group)
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2.

10.

Make sure that the hair cells in the cochlea faces upwards. The
cochlea should be pushed down so it attaches the bottom of
the plate and over time the cells can spread otherwise the
cochlea will float away during the washing.

. It is advisable to resuspend the peptide in salt-free water rather

than buffers.

. RNases can degrade the SiRNA so clean the laminar hood and

tube stands with ethanol and RNase-free solutions.

. Excess salt may hinder with the homogeneous complex forma-

tion. Hence, SiRNA and PF6 should be mixed in salt-free
water.

. For optimal transfection result, molar ratio of SiRNA: PF6

should be between 1:10-1:40 depending upon tissue/cell
types and amount of SiRNA required for efficient downregula-
tion of target gene expression.

. Itis advisable to include a dose-response curve for each SiRNA.

. If the medium contains serum, it is suggested to incubate the

cells with complexes for 4 h in serum-free medium and then
add serum containing medium. However, cochlear culture
medium is serum-free medium.

. The cultures should be thoroughly washed with warm PBS in

order to remove all possible traces of calcein from the solution,
otherwise free calcein in solution will interfere with the FRAP
occurring through gap junctions.

Calcein fluorescence is sensitive to the changes in the intracel-
lular calcium concentration. Exposure to laser sometimes leads
calcium influx. Hence, cells showing calcium response (grater
than 5 %) should be excluded from analysis.
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Chapter 4

Highly Efficient SiRNA Delivery Mediated by Cationic
Helical Polypeptides and Polypeptide-Based Nanosystems

Lichen Yin, Nan Zheng, and Jianjun Cheng

Abstract

RNA interference (RNAi) mediated by small interfering RNA (SiRNA) has recently emerged as a potent
machinery in regulating gene expression at the post-translation step. Despite its efficiency and specificity,
the biggest hurdle against its wide application is the safe and effective delivery of the SiIRNA cargo into
target cells. Here, we describe the highly effective SiRNA delivery mediated by the cationic helical poly-
peptides and polypeptide-based nanosystems both in vitro and in vivo via oral administration.

Key words Helical polypeptide, SIRNA delivery, Gene silencing, Oral delivery, Tumor necrosis factor
a (TNF-a), Acute hepatic injury

1 Introduction

RNA interference (RNAi) mediated by small interfering RNA
(SiRNA) is an important mechanism that regulates gene expres-
sion in eukaryotic cells via site-specific mRNA cleavage and degra-
dation. Because of its efficiency and sequence specificity, the RNAi
machinery affords an exciting modality for the treatment of various
human diseases [1—4]. To realize the efficiency of the RNAI, an
effective and safe delivery vector/method is required to deliver the
SiRNA into target cells.

Nonviral delivery vectors, exemplified by cationic lipids and
polymers, possess desired biocompatibility and minimal mutagen-
esis, and thus serve as desired candidates for SiRNA delivery.
However, in comparison with their viral counterparts, nonviral
vectors often suffer from low transfection efficiencies, mainly due
to the various systemic barriers. For instance, SiIRNA is liable to
nuclease-assisted degradation; it can hardly traverse the cell
membranes and the internalized SiRNA molecules tend to be
entrapped by endosomes/lysosomes and ultimately get degraded.

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
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Here, we report a newly developed nonviral gene delivery
material, the cationic helical polypeptide [5, 6] and polypeptide-
based supramolecular self-assembled nanoparticles (SSNPs) [7],
which can effectively overcome the aforementioned barriers to
mediate effective SiRNA delivery both in vitro and in vivo.
Particularly, the stabilized helical structure allows the polypeptide
to create pores on cell membranes and endosomal membranes,
thereby facilitating the cellular internalization as well as endosomal
escape of the SIRNA cargo. When the polypeptide was assembled
with other rationally designed materials, the obtained SSNPs can
target intestinal M cells and gut-associated macrophages (GAMs)
after oral administration to greatly enhance the intestinal absorption
of SiRNA against tumor necrosis factor-o (TNF-a) and mediate
effective gene knockdown in macrophages, thus triggering sys-
temic TNF-a silencing towards the treatment of acute inflamma-
tion. We herein describe the protocol for in vitro and in vivo SIRNA
delivery mediated by the helical polypeptide (PVBLG-8) and
PVBLG-8-containing SSNPs. We also demonstrate that the helical
PVBLG-8, but not the random coiled analogue PVBDLG-8, can
trigger effective knockdown of the luciferase gene in Hela-Luc
cells. Compared with the commercial reagent Lipofectamine 2000,
the SSNPs mediated an approximately tenfold higher TNF-a
knockdown efficiency in macrophages in vitro in terms of reduced
SiRNA dose, and after oral administration, they prevented the
lipopolysaccharide (LPS)-induced systemic TNF-a production
to protect mice from inflammatory hepatic injury at the low dose
of 200 pg SiRNA /kg. This finding also represents a 1-2 orders of
magnitude improvement over existing delivery vehicles, which
typically require dosing from 500 pg/kg to 50 mg/kg in mice via
i.v. injection [8-10].

2 Materials

1. Oleyl-trimethyl chitosan chloride (OTMC, MW =200 kDa,
quaternization degree of 28.7 %, oleyl conjugation ratio of
20.3 %, structure shown in Fig 1), oleyl-PEGz4p-mannose
(structure shown in Fig. 1.), and oleyl-PEGz4go-cysteamine
(structure shown in Fig. 1.) were synthesized according to pre-
viously published protocols [7]. Poly(y-4-((2-(piperidin-1-yl)
ethyl)aminomethyl)-benzyl-L-glutamate) (PVBLG-8, degree
of polymerization 200, structure shown in Fig. 1), a cationic
helical polypeptide, was synthesized according to our pub-
lished protocols [5, 6]. Poly(y-4-((2-(piperidin-1-yl)ethyl)
aminomethyl)-benzyl-b,L-glutamate) (PVBDLG-8), a random
coiled analogue of PVBLG-8 was also synthesized according to
our published protocols.
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Fig. 1 Chemical structures of 0TMC, OPC, OPM, and PVBLG-8

2. SiRNA duplex against mouse tumor necrosis factor-o (TNF-a)
has the sequence of sense strand: 5'-GUCUCAGCCUCUUC
UCAUUCCUGct-3" and antisense strand: 5-AGCAGGA
AmUGmMAGMAAMGAMGGMCUmMGAMGAMCmAmMU-3’,
wherein the (m) pattern mN represents a 2'-O-methyl base.
Sequences of the primers used were as follows. TNF-a
F:CCACCACGCTCTTTCTGTCTACTG, TNF-a R: GGG
CTACAGGCTTGTCACTCG.

3. SiRNA duplex against luciferase (Luc SiRNA) has the sequence
of sense strand: 5'-CUUACGCUGAGUACUUCGAtt-3’ and
antisense strand: 5’-UCGAAGUACUCAGCGUAAGtt-3".

4. Weigh 2 mg lipopolysaccharide (LPS, from E. co/z 0111:B4) in
a biosafety cabinet, transfer to the 25-mL glass vial, and dis-
solve by 20 mL sterilized PBS to obtain a stock solution of
100 pg/mL. Aliquot to 1 mL/vial in 1.5-mL centrifuge tubes,
and store at =20 °C. Thaw the solution at room temperature
before use, take out 10 pL, transfer into a 25-mL glass vial,
dilute with 9990 pL cell culture medium to obtain a solution
of 100 ng/mL (for use in RAW 264.7 cells). Alternatively, take
out 100 pL of the 100 pg/mL solution, transfer into a 25-mL
glass vial, dilute with 9900 pL PBS to obtain a solution of
1 pg/mL (for use in mouse). Freshly prepare the solution
directly before use.



40 Lichen Yin et al.

. Weigh 1 g p-galactosamine (D-GalN), transfer to the 25-mL

glass vial, and dissolve by 10 mL sterilized PBS to obtain a
solution of 100 mg/mL. Freshly prepare the solution directly
before use.

. Prepare all solutions using diethylpyrocarbonate (DEPC)-

treated water and analytical grade reagents.

. Pre-warm the cell culture media to 37 °C before use.
. Sterilize all glass vials and centrifuge tubes before use.

. Diligently follow all waste disposal regulations when disposing

waste materials.

3 Methods

3.1 In Vitro siRNA
Delivery by PVBLG-8

. Weigh 10 mg PVBLG-8 and transfer to the 25-mL glass vial.

Add 10 mL DEPC-treated water to make the 1 mg/mL solu-
tion. Add 1 M hydrogen chloride to adjust the pH to 6.5
(see Note 1). Aliquot to 1 mL /vial in 1.5-mL centrifuge tubes,
and store at —=20 °C (see Note 2). Thaw the solution at room
temperature before use.

. Take out 200 pI. PVBLG-8 solution, transfer into a 1.5-mL

centrifuge tube, add 800 pL NaCl solution (150 mM, containing
20 mM HEPES) to obtain a final concentration of 0.2 mg,/mL.

. Dissolve Luc SiRNA with DEPC water at 0.2 mg/mL. Aliquot

to 50 pL/tube in 0.5-mL centrifuge tubes, and store at
-80 °C. Thaw the solution in ice bath before use (sec Note 3).

. Transfer 20 pL. SiRNA solution into a 1.5-mL centrifuge tube.

Add PVBLG-8 solution into SiRNA at determined PVBLG-8/
SiRNA weight ratios (e.g., 20, 100, and 200 pL. PVBLG-8
equals to PVBLG-8/SiRNA weight ratios of 1, 5, and 10,
respectively), and mix by gentle pipetting (see Note 4).

. Vortex the mixture for 30 s at 1500 rpm/min and incubate the

mixture at RT for 15 min to allow formation of complexes
(see Note 5).

. Culture HeLa-Luc cells (purchased from the American Type

Culture Collection) in DMEM supplemented with 10 % horse
serum, 1 % penicillin—streptomycin, 1 %1-glutamine according
to the manufacturer’s protocol (ATCC website). Passage the
cells for more than 3 times while less than 20 times before
transfection studies (se¢ Note 6).

. Harvest the cells and resuspend in the cell culture media

(see Note 7) at 1x10° cells/mL. Add 0.1 mL of the cell
suspension into each well of 96-well plates at the seeding den-
sity of 1x10* cells/well (see Note 8). Slightly shake (left and
right for 10 times, then up and down for 10 times), and incu-
bate at 37 °C for 24 h (se¢ Note 9).
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. Aspirate the media, wash each well once with 500 pL. PBS,

then add 500 pL serum-free DMEM (or Opti-MEM) to each
well.

. Add different volume of freshly prepared PVBLG-8/SiRNA

complexes to the media at the final SiRNA concentrations of
0.4,0.8,1.2, and 1.6 pg/mL, respectively (see Note 10).

Shake the plate slightly (left and right for 5 times, then up and
down for 5 times), and incubate the cells at 37 °C for 4 h. As
a control, the complexes formed between SiRNA and
PVBDLG-8, a random coiled analogue of PVBLG-8 with
diminished membrane activities, can be prepared and used to
transfect HelLa-Luc cells with the same method as described
for PVBLG-8.

Aspirate all the media in each well, wash the cells once with
500 pL PBS, and add 500 pL serum-containing DMEM /well.
Culture the cells at 37 °C for another 20 h.

Remove the cell culture medium and immediately add 50 pL
of the Bright-Glo luciferase reagent (Promega) to each well.
Measure the luminescence intensity using a microplate reader
according to the manufacturer’s protocols.

Calculate the gene silencing efficiency of PVBLG-8 which was
denoted as the percentage luminescence intensity of control
cells that did not receive PVBLG-8/SiRNA complex treat-
ment (see Fig. 2.).

a b
B0 pg/mL siRNA 0 ug/mL siRNA
@3 0.4 pg/mL siRNA 0.4 ug/mL siRNA
2.0 g 0.8 ug/mL siRNA 20 {mmm 0.8 ug/mL siRNA
@ 1 1.2 ug/mL siRNA § 1.2 ug/mL siRNA
S 1.5 {mm 1.6 ug/mL siRNA 8 B 1.6 ug/mL siRNA
EE: 23
= w
28 0 gs
NS )
2 =z
0.0 - ;
1:1 94 10:1 1:1 51 10:1
PVBLG-8: siRNA PVBDLG-8 : siRNA
(weight ratio) (weight ratio)

Fig. 2 (a) In vitro transfection of HeLa-Luc cells with luciferase siRNA at various PVBLG-8:siRNA weight ratios
and siRNA concentrations. (b) In vitro transfection of HeLa-Luc cells with luciferase siRNA at various PVBDLG-
8:siRNA weight ratios and siRNA concentrations (reproduced from ref. [6] with permission from Nature

Publishing Group)
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3.2 In Vitro TNF-a 1.
SiRNA Delivery

to Macrophages 2
by Supramolecular
Self-Assembled

Nanoparticles (SSNPs) 3

3.2.1 Preparation

of SSNPs
4
5
6
7
8
9

10.

3.2.2 Transfection 1.

of siRNA to Mouse

Macrophages

Weigh 20 mg OTMC and transfer to the 25-mL glass vial. Add
10 mL DEPC-treated water to make the 2 mg/mL solution.

. Add 1 M hydrogen chloride to adjust the pH to 6.5 (se¢ Note 1).

Aliquot to 2 mL /vial in 7-mL vials, and store at —20 °C. Thaw
the solution in 37 °C water bath before use (se¢ Note 11).

. Weigh 10 mg PVBLG-8 and transfer to the 25-mL glass vial.

Add 10 mL. DEPC-treated water to make the 1 mg/mL
solution.

. Add 1 M hydrogen chloride to adjust the pH to 6.5. Aliquot

to 1 mL/vial in 1.5-mL centrifuge tubes, and store at
-20 °C. Thaw the solution at room temperature before use
(see Note 2).

. Weigh 100 mg OPM or OPC and transfer to the 25-mL glass

vial. Add 10 mL DEPC-treated water to make the 10 mg/mL
solution. Aliquot to 1 mL/vial in 1.5-mL centrifuge tubes,
and store at —-20 °C. Thaw the solution in 37 °C water bath
before use.

. Weigh 10 mg sodium tripolyphosphate (TPP) and transfer to

the 25-mL glass vial. Add 10 mL DEPC-treated water to make
the 1 mg/mL solution. Aliquot to 1 mL/tube in 1.5-mL
centrifuge tubes, and store at -20 °C. Thaw the solution at
room temperature before use.

. Dissolve SiRNA with DEPC water at 0.2 mg/mL. Aliquot to

50 pL/tube in 0.5-mL centrifuge tubes, and store at
-80 °C. Thaw the solution in ice bath before use (se¢ Note 3).

. Add 20 pL SiRNA solution and 50 pLL TPP solution into a 1.5-

mL centrifuge tube and mix by gentle pipetting.

. Add 200 pL OTMC, 80 pL PVBLG-8, 40 pL OPM, and

40 pL OPC into a 1.5-mL centrifuge tube and mix by gentle
pipetting.

Transfer the OTMC/PVBLG-8 /OPM /OPC mixture into the
SiRNA/TPP mixture (see Note 12) and pipette for 10 times.
Vortex for 30 s at 1500 rpm/min and incubate the mixture in
37 °C water bath for 30 min to allow formation of SSNPs
(see Fig. 3a).

Culture RAW 264.7 cells (mouse monocyte macrophage,
purchased from the American Type Culture Collection) in
DMEM supplemented with 10 % fetal bovine serum (FBS)
according to the manufacturer’s protocol (ATCC website).
Passage the cells for more than 3 times while less than 20 times
before transfection studies (see Note 13).

. Harvest the cells and resuspend in the cell culture media at

1x10° cells/mL. Add 0.5 mL of the cell suspension into each
well of 24-well plates at the seeding density of 5x 10* cells /well.
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Fig. 3 (@) SEM image of SSNPs (bar=200 nm). (b) TNF-a knockdown efficiencies of SSNPs and LPF2000/
SiRNA complexes at various siRNA doses (n=3) (reproduced from ref. [7] with permission from Wiley)

Slightly shake (left and right for 10 times, then up and down
for 10 times), and incubate at 37 °C for 24 h (see Note 7).

3. Aspirate the media (se¢ Note 14), wash each well once with
500 pL PBS, then add 500 pL serum-free DMEM (or Opti-
MEM) to each well. Add the freshly prepared SSNPs (5.4, 2.1,
and 0.5 pL) to the media at the final concentrations of 0.1,
0.04 and 0.01 pg/mL, respectively (see Note 10).

4. Shake the plate slightly (left and right for 5 times, then up and
down for 5 times), and incubate the cells at 37 °C for 4 h.
Commercial reagent Lipofectamine 2000 (LPF2000) as an
internal control was also used to transfect the RAW 264.7 cells
according to the manufacturer’s protocol.

5. Aspirate all the media in each well, wash the cells once with
500 pL PBS, and add 500 pL serum-containing DMEM /well.
Culture the cells at 37 °C for another 20 h.

6. Aspirate the culture media, add 500 pL 100 ng/mL LPS solu-
tion, and incubate the cells at 37 °C for 3 h.

7. Take out 2 pL of the cell culture media and measure the extra-
cellular TNF-a level by the mouse TNF-a ELISA kit according
to the manufacturer’s protocol (see Note 15).

8. Aspirate the cell culture media, wash the cells with 3x 500 pL
PBS, and extract the total RNA using TRIzol according to the
manufacturer’s protocol (see Note 16).

9. Synthesize ¢cDNA from 500-ng total RNA using the high
capacity cDNA reverse transcription kit according to the man-
ufacturer’s protocol.
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10.

11.

12.

3.3 Oral Delivery 1.
of TNF-a siRNA by
Supramolecular 2
Self-Assembled
Nanoparticles (SSNPs)

Against Hepatic Injury 3

10.

Measure the TNF-a mRNA level using an ABI PRISM
7900HT Real-Time PCR system according to the manufac-
turer’s suggested protocols.

Measure the extracellular TNF-a level or the mRNA level of
control cells that did not receive SSNPs treatment but were
treated by the same method as described above.

Calculate the gene silencing efficiency of SSNPs which was
denoted as the percentage of TNF-a or TNF-ao mRNA levels
of the control cells (see Fig. 3b).

Orally deliver SSNPs (430 pL/mouse, 200 pg SiRNA /kg) to
male C57 /BL-6 mice (20-22 g) via gavage.

. Take 2 mL LPS solution (1 pg/mL) and 2 mL D-GalN solu-

tion (100 mg/mL), transfer to a 7-mL vial, and mix by gentle
pipetting (see Note 17).

. Inject the freshly prepared LPS/D-GalN solution (500 pL/

mouse, equals to 12.5 pg LPS /kg and 1250 mg D-GalN /kg)
intraperitoneally 24 h after oral gavage of SSNPs.

. Anesthetize the mice with isoflurane 1.5 h after i.p. injection

(see Note 18). Collect 0.5 mL by retro-orbital bleeding, put
the blood in 1.5-mL centrifuge tube at RT for 10 min to let it
coagulate, centrifuge at 10,500 x4 for 5 min, and collect the
serum.

. Measure the serum TNF-a level using a mouse TNF-o ELISA

kit according to the manufacturer’s protocol.

. Sacrifice the mice 5 h after i.p. injection of LPS/D-

GalN. Harvest liver, spleen, and lung, wash with PBS, and
homogenize with TRIzol reagent in ice (use the whole spleen
and lung, while cut a small piece (0.2 g) of liver). Extract the
RNA according to the manufacturer’s protocol and measure
the TNF-o mRNA level using real-time PCR as described for
RAW 264.7 cells.

. Measure the serum TNF-a level or the mRNA levels in each

specific organ of control mice that received oral gavage of PBS
(430 pL/animal) instead of SSNPs and were treated by the
same method as described above.

. Calculate the systemic TNF-a silencing efficiency of SSNPs

which was represented as the percentage of TNF-aor TNF-a
mRNA levels of the control animals (see Fig. 4).

. In another experiment, gavage the SSNPs and i.p. inject the

LPS/D-GalN in the same manner as steps 1-8.

Anesthetize the mice with isoflurane 5 h after i.p. injection.
Collect 1 mL blood by retro-orbital bleeding, put the blood in
1.5-mL centrifuge tube at RT for 10 min to let it coagulate,
centrifuge at 10,500 x g for 5 min, and collect the serum.
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Fig. 4 (a) Serum TNF-« level of mice gavaged with SSNPs at 200 j1g SiRNA/kg (n=6). (b) Relative TNF-oc mRNA
levels in mouse liver, spleen, and lung 24 h after oral gavage of SSNPs (n=3). (c) Serum ALT and AST levels of
mice 5 h after LPS/D-GalN stimulation (n=4) (reproduced from ref. [7] with permission from Wiley)

11.

Measure the serum alanine transaminase (ALT) and aspartate
aminotransferase (AST) levels using commercial kits according
to the manufacturer’s protocols. As a control, measure the
serum AST/ALT levels of mice that received oral gavage of
PBS (430 pL/animal) rather than SSNPs (see Fig. 4).

4 Notes

. Using a pH paper to indicate the pH. pH values within the

range of 6.2—6.8 are allowed.

. Avoid repeated ice-thawing processes of PVBLG-8.

Recommend less than five ice-thawing cycles for each pre-
served tube.

. Avoid repeated ice-thawing processes of SiRNA. Recommend

less than three ice-thawing cycles for each preserved tube.

. Quickly add the PVBLG-8 solution into SiRNA at once and

immediately mix for several times.

. Incubation time can be longer than 15 min but less than 30 min.

. Cell condition is critical to the success of transfection. Passage

the cells at the confluence of 70-80 % and never let cells grow
over-confluence. For each passage, keep the passage ratio
higher than 1:3.

. Culture the cells using antibiotic-containing media. However,

use antibiotic-free media to seed cells. Also use antibiotic-free
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10.

11.

12.

13.

14.

15.

16.

17.

18.

media during and after transfection. Because PVBLG-8 medi-
ates effective SiRNA delivery mainly via the pore-formation
mechanism, it will also allow excessive diffusion of antibiotics
into cells to hamper the cell viability.

. For the convenient measurement of luciferase activity, seed the

cells on white plates instead of transparent plates.

. Usually do the transfection at the cell density of 70 %. Because

we cannot visualize the cells grown on white plates, we usually
seed some cells on another transparent plate at the same time
for the purpose of monitoring cell density.

We recommend slowly add the complexes onto the surface of
the culture media in small droplets. Do not touch the inner
surface of each well. It will lead to inconsistence of the trans-
fection results.

Fully thaw the solution at 37 °C until it becomes completely
transparent. Thawing at room temperature sometimes cannot
lead to incomplete dissolution because the amphiphilic poly-
mer has the tendency to self-assemble.

Quickly add the OTMC/PVBLG-8/0PM/OPC mixture
into the SiRNA/TPP at once and immediately mix for several
times. Vortex vigorously to promote nanoparticle formation.

RAW 264.7 cells tend to be activated by the treatment of tryp-
sin. It is therefore required to passage the cells using scrappers,
which is also suggested by the ATCC. Scrape 3-5 times for
each passage, and pipette 10-15 times to dissociate the cells.
Avoid excessive scraping or pipetting that will also activate or
damage the cells.

Do not let the cells stay in the dried condition for too long
(usually less than 1 min). RAW 264.7 cells tend to detach from
the plate when get dried.

The supernatant can be preserved at —20 °C if not assayed
directly. However, avoid repeated ice-thawing process that
would otherwise damage the TNF-a inside. It may need to
dilute the sample with cell culture media if the TNF-a concen-
tration exceeds the detection limit of the ELISA kit.

The homogenate can be preserved at -20 °C if not assayed
directly and also avoid repeated ice-thawing processes.

i.p. injection of LPS/D-GalN establishes the acute hepatic
injury model that is 100 % lethal to animals. This mixed solu-
tion needs to be freshly prepared and used within 20 min oth-
erwise it would hamper its efficiency in inducing hepatic injury.

We recommend anesthetizing the animal before blood sam-
pling because excessive struggling of the animal body may lead
to inconsistent serum TNF-a levels.
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Chapter 5

Disulfide-Bridged Cleavable PEGylation of Poly-L-Lysine
for SiRNA Delivery

Min Tang, Haiqing Dong, Xiaojun Cai, Haiyan Zhu,
Tianbin Ren, and Yongyong Li

Abstract

Engineered PEG-cleavable catiomers based on poly-L-lysine have been developed as nonviral gene vectors,
which have been found to be one of important methods to balance “PEG dilemma.” In this protocol, we
aim at the standardization of the method and procedure of PEG-cleavable catiomers. Major steps includ-
ing ring-opening polymerization (ROP) of e-benzyloxycarbonyl-L-lysine N-carboxyanhydride (zLL-NCA)
monomers to yield PEG-cleavable polylysine, examination on bio-stability and bio-efficacy of its gene
complexes are described.

Key words Poly-L-lysine (PLL), Disulfide-bridged, Cleavable PEGylation, Gene delivery, Nonviral
gene vector

1 Introduction

For nonviral gene vectors, poly-L-lysine (PLL) has been a regular
cationic polypeptide that enables efficient gene package via electro-
static interaction. Effective gene capacity of PLL allows efficient
gene condensation as well as the following gene transfection [1].
However, PLL/gene complexes show limited stability in the presence
of biological relevant condition, such as serum, due to macrophage
clearance by systemic administration [2, 3]. This is due to the exis-
tence of inherent aggregation effect induced by cationic surface of
the complexes. Surface modification and functionalization is there-
fore essential to yield improved gene delivery system. Poly(ethylene
glycol) (PEG)-shielding has become a leading coating strategy to
prolong the in vivo circulation time of polyplexes (polymer/gene
complex) in the cardiovascular system due to reduced macrophage
clearance [4-7]. However, the shielding layer of PEG can not only
cause the steric hindrance for cellular uptake, but also create a
significant diffusion barrier to intracellular release of gene [8-10].

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_5, © Springer Science+Business Media New York 2016
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So the detachment of the PEG shell upon arrival at the target site
is highly desired, and several chemical approaches have been devel-
oped to address the above issues [ 11-13]. Among them, introduc-
ing a disulfide bond (S-S) between the PEG segment and the PLL
segment is a feasible route. During blood circulation, the S-S link-
age remains fairly stable, and interaction with serum proteins is
limited due to PEG-induced protection. However, the detachment
of PEG layer takes place selectively via S-S cleavage as a result of
the significant concentration gradient of glutathione (GSH) in
tumor cells (four-fold higher than normal cells and hundred times
higher in intracellular than that in extracellular) [14]. So far, there
have been a number of works on disulfide-bridged cleavable
PEGylation, but the standardization of this method to ensure con-
sistent experimental results is unavailable, which is important for
reliable evaluation as well as following clinical translation.

In this protocol, we aim at the standardization of the method
and procedure of PEG-cleavable catiomers. Disulfide-bridged
cleavable PEGylation of poly-L-lysine is employed as a model
to document this method. Major steps including ring-opening
polymerization (ROP) of e-benzyloxycarbonyl-L-lysine
N-carboxyanhydride (zLL-NCA) monomers to yield PEG cleav-
able polylysine, examination on bio-stability and bio-efficacy of its
gene complexes are summarized and described. Some important
data of this design are also presented to show how it can signifi-
cantly improve the gene transfection efficiency compared to the
control experiment with permanent linkage [15].

2 Materials

2.1 Synthesis
of mPEG-SS-PLL

1. Dry tetrahydrofuran (THF), dichloromethane (DCM), N,N-
dimethyl formamide (DMF) and #-hexane by refluxing over
CaH, Distil or vacuum distil before use.

2. Poly(ethylene glycol) monomethyl ether (CH;O-PEG of
nominal Mw 1900).

. Succinic anhydride (98 %).

. 4-dimethylaminopyridine (DMAP).

. Triethylamine (Et;N, 99 %).

. N-hydroxy succinimide (NHS).

. N,N'-dicyclohexylcarbodiimide (DCC).
. Cysteamine dihydrochloride (98 %).

. e-benzyloxycarbonyl-1L-lysine.

10. Triphosgene (BTC, 99 %) (see Note 1).

11. Hydrogen bromide (HBr) 33 wt% solution in glacial acetic
acid (see Note 1).
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Trifluoroacetic acid (TFA) (see Note 1).

Dialysis membrane (MWCO: 1000 and 3500 Da).
Lyophilizer.

Rotary evaporator.

Vacuum pump.

Vacuum drying oven.

Magnetic stirrer with thermal and speed controller.

. 150 mM NaCl solution.

. Glutathione (GSH, 99 %).

. Microfiltration membrane (0.22 pm).

. The reporter plasmids: pEGFP-C1 and pGL-3.

. VEGF-siRNA.

. 1 % (w/v) agarose gel: Dissolve 0.25 g agarose with 25 mL of

TAE bufter, and heat the mixture till the agarose dissolute.
Before the solidification of agarose, add 2.5 pL of 10 mg/
mL EB to the solution and pour into plate.

. 6x DNA loading bulffer.
. Nano-ZS 90 Nanosizer.
. Electrophoresis apparatus.

. Imago GelDoc system 2500.

. Cell lines: 293T cells, Hela cells and HepG2 cells cultured in

full medium based on high-glucose DMEM at 37 °C in a
humidified 5 % CO, atmosphere.

. The full DMEM medium: high-glucose DMEM supplemented

with 10 % fetal bovine serum (FBS) and 1 % penicillin-
streptomycin (PS).

. Dulbecco’s Phosphate Buftered Saline, pH 7.4 (D-PBS).

. 0.25 % trypsin—EDTA.

. Dimethyl sulfoxide (DMSO).

. MTT solution: Weigh 0.5 g MTT and dissolve in 100 mL of

PRBS, filter it by 0.22 pm microfiltration membrane, and store
at 4 °C in the dark.

. Shaking table.
. Multiscan MK3 microplate reader.

. Lysis bufter.
. Bicinchoninic acid (BCA) protein assay Kkit.
. Luciferase substrate.

. Fluorospectrophotometer.
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. FCM butffer: PBS with 2 % FBS and 2 mM EDTA.
. FCM stationary liquid: PBS with 2 % paraformaldehyde.

5

6

7. Flow cytometer.

8. Inverted fluorescence microscope.
9

. Chemiluminescence apparatus.

2.5 Cellular Uptake 1. Label IT Tracker™ Cy3 reagent Kkit.
2. 5 M NaCl solution.

3. 100 % and 70 % Ethanol.

4. DEPC (diethyl pyrocarbonate) H,O.
5

. Sterile H,O: ultrapure water was sterilized by autoclaving for
30 min at 120 °C.

6. Micro-spectrophotometer.

7. 4',6-diamidino-2-phenylindole (DAPI).
8. 4 % paraformaldehyde.

9. Glycerin.

10. Confocal laser scanning microscopy.

11. Fluorescein isothiocyanate (FITC).

12. 0.4 % trypan blue.

13. Clathrin pathway inhibitor: 50 mM ammonia chloride solution
and 10 pg/mL chlorpromazine.

14. Caveolin pathway inhibitor: 10 mM methyl-p-cyclodextrin
(M-B-CD) and 200 pg/mL genistein.

15. Macropinocytosis pathway inhibitor: 100 pM Wortmannin.
16. ATP synthesis inhibitor: 10 mM sodium azide.
17. Actin polymerization inhibitor: 40 pg/mL colchicines.

3 Methods

3.1 Synthesis Carry out all reactions under nitrogen atmosphere and all proce-

of mPEG-SS-PLL dures at room temperature unless otherwise specified. In addition,
dialysis was conducted against deionized water, followed by
lyophilization.

1. Synthesis of mPEG-COOH: dissolve 2.5 mmol mPEG,
12.5 mmol succinic anhydride and 12.5 mmol DMAP in
30 mL dioxane, and add 12.5 mmol Et;N dropwise. Continue
the reaction overnight. After evaporating the dioxane under

reduced pressure, dissolve the residual in DMF and dialyze
(MWCO 1000 Da).

2. Synthesis of mPEG-SS-NH,: to activate the carboxyl, mix
0.6 mmol DCC, 0.6 mmol NHS with 0.5 mmol mPEG-
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Fig. 1 Reaction device for synthesis of zLL-NCA. BTC was added dropwise into
zLL under N, atmosphere. And the reaction would generate hydrogen chloride
gas so that alkaline exhaust absorbing device was required

COOH in 30 mL DCM (30 mL) at 0 °C for 5 h. Then drop
the mixture into 3.5 mmol cystamine (se¢ Note 2) in DCM,
and react for 24 h. After filtration to remove insoluble matter,

precipitate the product in cold diethyl ether twice and dialyze
(MWCO 1000 Da).

3. Synthesis of zLL-NCA (see Note 3): suspend 20 mmol zLL in
dried 50 mL THF at 50 °C and add 9 mL THF of triphosgene
in dropwise fashion (8.4 mmol) (Fig. 1). The reaction was not
completed until the suspension turned into clear solution.
After concentration by vacuum rotary evaporation treatment,
pour the solution into excess dried n-hexane (see Note 4) to
obtain crude crystals of zLL-NCA and recrystallize the zLL-
NCA from dried THF /hexane (1:15, v/v) twice before being
vacuum-dried (see Note 5).

4. Synthesis of mPEG-SS-PzLL: the copolymers were prepared
by ring-opening polymerization (ROP) of zLL-NCA initiated
by the amino-groups of mPEG-SS-NH,. According to experi-
ment designing, synthesize specific block polymers by varying
the feed ratio of mPEG-SS-NH, and zLLL-NCA or by regula-
tion of reaction time. Conduct the reaction in DMF for 72 h
and dialyze (MWCO of dialysis bag was chosen by the designed
molecular weight of product).
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5. Deprotection to get mPEG-SS-PLL: dissolve 160 mg mPEG-
S§S-PzLL in 10 mL of TFA and stir at 0 °C. Then add 2 equiv.
of solution of 33 wt% HBr in HAc with respect to the benzyl
carbamate (Z) groups and react for 1 h. After precipitating the
product in cold diethyl ether twice, dissolve the sediment in
DMEF and dialyze (MWCO of dialysis bag was chosen by the
designed molecular weight of product) (see Note 6).

3.2 Effect of GSH 1. Dissolve mPEG-SS-PLL in 150 mM NaCl with a concentra-
on the Stability tion of 2 mg/mL, and filter it using 0.22 pm microfiltration
of mPEG-SS-PLL/Gene membrane. Then complex the mPEG-SS-PLL with DNA at
Complexes various weight ratios. Vortex the complexes gently for 10 s and

incubate them at 37 °C for 30 min.

2. Dilute the complexes with 1 mL of 150 mM NaCl, and mea-
sure the particle size of complexes. After yielding the particle
with stable size, add GSH into the solutions to form 10 mM
GSH final concentration (se¢ Note 7), and then monitor the
size change (Fig. 2).

3. To further evaluate the GSH-responsiveness of complexes
with disulfide bonds, we also carried out the agarose gel
retardation assay. Complex mPEG-SS-PLL and gene as step 1,
then add GSH into the solutions to form 10 mM GSH final
concentration.

4. After incubation with GSH for 0.5 h, load the solutions
(10 pL) containing 0.5 pg pDNA (see Note 8) or siRNA
(see Note 9) with 2 pL. of 6x DNA Loading Buffer on 1 %
(w/v) agarose gel containing ethidium bromide (EB), and
carry the electrophoresis out in tris-acetate (TAE) running
buffer at 100 V for 40 min (pDNA) or 15 min (siRNA). Then

Intensity (%)
Intensity (%)

10 100 1000 10 100 1000
Size (r.nm) Size (r.nm)

Fig. 2 Time-dependent changes in the size in diameter of the mPEG-SS-PLL45/DNA complexes during the
12 h storage (a) and upon exposure to 10 mM GSH (b) as determined by DLS (reproduced from ref. [18])
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visualize nucleic acid bands at A=254 nm. In the presence of
10 mM GSH, we could observe the migration of negatively
charged gene toward the cathode from polyplexes in different
degrees.

. Seed cells (see Note 10) (5 x 103 cells/well with 100 pL of full

DMEM medium) in 96-well plate and cultivate for 24 h.

. Dissolve mPEG-SS-PLL catiomers in fresh pure DMEM (gra-

dient concentrations of ranging from 11 to 200 mg/L or
higher) and filter them by 0.22 pm microfiltration membrane.
Add 200 pL of catiomers per well and cultivate for another
24 h (see Note 11).

. Replace the medium by 200 pL of fresh full DMEM medium

and 20 pL of MTT (5 mg/mL) (se¢ Note 12). Then incubate
the cells for 4 h.

. Add 150 pL of DMSO to each well after removing the medium,

and place the plate on a shaker with gentle shaking for 10 min.
And then measure the optical density (OD) at 570 nm by
microplate reader (see Note 13).

. Seed cells (5x10* cells/well with 1000 pL. of full DMEM

medium) into 24-well plate and cultivate for 24 h (see Note 14).

. Prepare the catiomers/pDNA complexes (see Note 15) at

various weight ratios in pure DMEM. Then replace the
medium by 100 pL (including 0.5 pg pDNA) of complexes
and 900 pL fresh pure DMEM (see Note 16) in each well.
After incubating for 4 h, substitute the medium for full medium
and cultivate the cells for additional 44 h.

. The BCA protein assay for the GFP relative quantitative deter-

mination: wash cells by PBS and crack them by 200 pL of lysis
buffer at 4 °C for 30 min. Then transfer 100 pL of lysates to
black 96-well plate for determining the fluorescence intensity
by fluorescence spectrophotometer at excitation wavelength of
488 nm and emission wavelength of 509 nm. And use the rest
100 pL (see Note 17) for analyzing the total protein content
by BCA protein assay kit. The transfection efficiency was
described as fluorescence intensity (A.U.)/mg of total protein
(see Note 18).

. The FCM assay for the GFP relative quantitative determination:

collect cells and wash cells by 500 pL. of FCM bufter. Then
collect cells again, fix in FCM stationary liquid and store at
4 °C before measurement. The transfection efficiency was
described as the percentage of the GFP-positive cells detected
by flow cytometer.

. For the GFP relative qualitative determination, image the

transfected cells under the inverted fluorescence microscope.
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Fig. 3 Luciferase expression mediated by catiomer/DNA complexes at various w/w ratios ranging from 1 to
16 in 293T cells (a) and HeLa cells (b) (reproduced from ref. [18])

3.5 CGellular Uptake

6. The quantification of transfection efficiency could also be

1.

determined by luciferase activity detection (using pGL-3).
After the cell lysis, mix 20 pL of supernatant with 100 pL of
luciferase substrate and detect the activity of luciferase by che-
miluminescence apparatus. The transfection efficiency was
described as relative light unit (RLU)/mg of total protein
(measure by BCA protein assay kit) (Fig. 3).

Label the pDNA by Cy3 (se¢ Note 19): mix 10 pL of pEGFP
(1.6 pg/pL), 8 pL of Label IT Tracker™, 16 pLL of 10x Labeling
Buffer A, and 126 pL of sterile H,O, and incubate at 37 °C for
1 h. After centrifugation (16,414 x4, 30 s), continue incuba-
tion at 37 °C for another 1 h. Then add 40 pL of DEPC H,0,
20 pL of 5 M NaCl aqueous solution and 400 pL of cold
ethanol, and store at -20 °C for 2 h. Then centrifuge
(49,088 x g, 4 °C) for 10 min to pellet the labeled DNA, and
remove the supernatant carefully (do not damage the DNA
pellet). Wash the pellet with 0.5 mL of ethanol (70 %), and
centrifuge as above. After all ethanol removed, disperse DNA
with 32 pL of sterile H,O. At last, measure the concentration
of DNA labeled by Cy3 using micro-spectrophotometer.

. The FCM assay for quantitative determination: seed HepG2

cells (2x10° /well with 2000 pL of full DMEM medium) into
6-well plate, and cultivate for 24 h. Prepare the catiomers/
pDNA (labeled by Cy3) complexes at each optimal transfec-
tion weight ratio in pure DMEM and treat the cells for 30 min
(2 pg pDNA /well). Then replace the medium by 1.5 mL of
fresh pure DMEM. After 4 h, deal with the cells and measure
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the cellular uptake efficiency (referred to the FCM assay
described above).

3. The CLSM assay for qualitative determination: seed and culti-
vate cells on the coverslip in 6-well plate for 24 h as above. But
differently, after 4 h, treat the cells with PBS washing (see
Note 20), 4 % paraformaldehyde fixing, DAPI dyeing, and
glycerin sealing. Store at 4 °C in dark before measurement (see
Note 21). Observe cells by confocal laser scanning microscopy
(Cy3: at excitation wavelength =570 nm and DAPI at emission
wavelength =340 nm) (Fig. 4).

Cellular Uptake (%)
Cy3-labeled pDNA DAPI Merge 8 3 g 2

4
]
:

(D2)

.

Fig. 4 Cellular uptake by CLSM and FCM in HepG2 cells. CLSM images are Cy3-labeled pDNA (red), DAPI dyed
nucleus (blue). The images of mPEG-SS-Lys55/pDNA (panel a), mPEG-SS-Lys95/pDNA (panel b), mPEG-SS-
Lys55-r-His20/pDNA (panel c), mPEG-SS-Lys95-r-His20/pDNA (panel d) and PEI/pDNA (panel ) with w/w
ratios 4:1, 5:1, 3:1, 2:1, and 1.3:1 were observed (reproduced from ref. [15])
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3.6 CGellular Uptake
Pathway

. 30 mg mPEG-SS-PLL, 30 mg FITC, and 400 pL of triethyl-

amine were mixed in DMF, and stirred for 48 h in dark at
room temperature. Then dialyze (MWCO 3500 Da) against
water to remove the organic solvent and small molecules, then
the dialysate was subjected to lyophilize to get dried FITC-
labeled mPEG-SS-PLL powder.

. Seed cells (5 x 103 /well) in 96-well plate and cultivate for 24 h.

Then replace the medium by 200 pL of fresh full DMEM
(containing specific channel inhibitors, detailed in Materials
Part) and incubate at 37 °C for 30 min. Add 5 pg FITC-labeled
mPEG-SS-PLL for each well and store at 37 °C for 4 h.

. Then wash the cells with PBS three times, 0.4 % trypan blue

(15 pL, 2 min) for quenching FITC out of cells and crack them
by 400 pL of lysis buffer at 4 °C for 30 min.

. Transfer 200 pL of lysates to black 96-well plate for determin-

ing the fluorescence intensity of FITC by the Fluorospectro
Photometer at excitation wavelength of 485 nm and emis-
sion wavelength of 538 nm (see Note 22).

4 Notes

. Triphosgene is easy to decompose to toxic phosgene gas at

high temperature (over 130 °C, 90 °C with moisture), so avoid
high temperature and require alkaline absorbing device (e.g.,
10 % aqueous sodium hydroxide). HBr possessing high toxic-
ity tends to be oxidized when exposed to light and heat, and
TFA has strong corrosion and irritation, so protection mea-
surement and good ventilation are essential.

. Cysteamine dihydrochloride is needed to desalt before adding

in mPEG-COOH solution: Cystamine dihydrochloride
(8.88 mmol) in 30 mL of deionized water was desalinated by
NaOH under stirring at room temperature for 3 h. After con-
densation by rotary evaporation, the residue was dissolved in
CH,Cl, and filtrated to remove insoluble matter. Cystamine
was obtained after CH,Cl, removal by rotary evaporation, fol-
lowed by overnight vacuum-drying process. Furthermore,
ensure excess cystamine so as to avoid reaction of mPEG-
COOH with the amino-groups of cystamine on both sides.

. N-Carboxyanhydride (NCA) is sensitive to moisture and heat,

so the synthesis and polymerization of zLIL-NCA requires
strictly anhydrous and oxygen-free environment. Long-term
storage also should be avoided.

. Hexane is better to be precooled before use for the recrystal-

lization of zZLL.-NCA.
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. The temperature of recrystallization needs to be carefully con-

trolled: keep the mixture at room temperature, then store at
4 °C, and at -20 °C overnight. Finally, white needle-like crys-
tals with expected structure can be collected. If cooling too
fast, the product might contain impurities.

. During dialysis, benzyloxycarbonyl groups in CsH;CH,Br

form were removed, with unreacted HBr/HOAc.

. GSH maintains a millimolar concentration (3—10 mM) in the

cytosol and subcellular compartments but lower concentration
(~2.8 pM) in cellular exterior such as plasma [16]. So we simu-
lated the intracellular environment by 10 mM GSH.

. DNase (DNA enzyme) may degrade DNA, causing weak and

vague strip signals, even absent.

. For siRNA experiment, RNase-free devices were required and

complex with siRNA was conducted in clean worktable. In
addition, perform the experiment as soon as possible.

The cells should be passaged frequently and at regular intervals
to maintain cells in midlog growth.

For the cytotoxicity assay, we used branched polyethylenimine
(MW =25000, bPEI) and blank as control. bPEI is recognized
as an important gold standard in many contrast experiments.

Once added MTT in, the plate should be protected from light.

The relative cell viability was calculated by the following equa-
tion: the wviability (%)=(ODsample/ODcontrol)x100. The
OD control was obtained in the absence of polymers while the
OD sample was obtained in the presence of polymers.

The purpose was to make the cells reach 60-70 % confluence,
so that cell metabolism and productivity were the most vigor-
ous which was conducive to cellular uptake.

There are clues to indicate that adding reagent to DNA was
shown to be tenfold more efficient than the reverse order, with
regard to transfection efficiency [17].

To evaluate the effect of serum on transfection at a cellular
level, 10 % FBS was added into the DMEM.

The rest lysis buffer was centrifuged (372 x4) for 10 min to
remove large cell debris and the supernatant was separated
gently.

The fluorescence tends to quench easily under long time of
excitation.

The sample needs to be protected from light.

Try to ensure the viability and activity of cells by careful manip-
ulation in the washing process.
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21. Minimize the storage time and detect early.

22. The experiment uses FITC-labeled mPEG-SS-PLL without
channel inhibitor as negative control. All operations were con-
ducted while minimizing light exposure.
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Chapter 6

Preparation of a Cyclic RGD: Modified Liposomal
SiRNA Formulation for Use in Active Targeting
to Tumor and Tumor Endothelial Cells

Yu Sakurai, Tomoya Hada, and Hideyoshi Harashima

Abstract

The delivery of SIRNA is not only a challenging strategy for developing new remedies, but is also useful as
an analytic tool for an in vivo phenotypic alteration by loss-of-function. Specifically, ligand-mediated
SiRNA active targeting can be used to silence any gene in any organ of interest. In this chapter, we describe
the preparation of an active targeting system to tumor endothelial cells (TECs) using liposomal SiRNA
modified with cyclic RGD peptides. The procedure consists of essentially three steps: (1) the synthesis of
a cyclic RGD peptide derivative, (2) SiIRNA encapsulation into a liposomal delivery system, and (3) modi-
fication of liposomal SiRNA with a cyclic RGD derivative.

Key words Liposomal delivery system, Active targeting, Tumor, Tumor endothelial cells, SIRNA

1 Introduction

Since the discovery that small interfering RNA (SiRNA), which
consists of 21-nt double stranded RNA, could induce RNA inter-
ference (RNAIi) without severe immune response in mammalian
cells [1], a number of studies have reported on the preparation of
a SiRNA drug delivery system (DDS) using polymers, inorganic
materials, and liposomes. Target organs for recently developed
SiRNA DDS are mainly the liver [2]. The liver is the principle
clearance organ for such macromolecules due to the fenestra in
vessels, which comprises a hole with a diameter of approximately
100 nm [3]. Regarding cancer, macromolecules with a prolonged
circulation time after a systemic injection passively accumulate in
the tumor tissue, a process that is referred to as the enhanced per-
meability and retention (EPR) effect [4]. Thus, a variety of tradi-
tional DDSs exploit such “passive targeting.” Actually, almost all
SiRNA DDS currently under clinical study targets the liver because
of the ease of targeting this organ [5].

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_6, © Springer Science+Business Media New York 2016
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To silence any genes in an organ, a targeting ligand needs to be
introduced into an SiIRNA DDS. We herein describe a method for
the in vivo SiRNA active targeting of DDS to tumor endothelial cells
(TECG:s) using a cyclic RGD peptide [6]. The procedure for display-
ing a specific ligand on the surface of a liposomal carrier is mainly
divided into three steps: pre-modification, post-modification, and
surface-reaction. In the pre-modification method, ligands are typi-
cally added to the lipid solution before liposome formulation [7].
On the other hand, ligand-lipid micelles are mixed with assem-
bled liposomes in the post-modification method [8]. In surface-
reactions, a polyethylene glycol (PEG) spacer with a reactive head
group is included to lipid solution, and the ligand is then allowed
to form covalent bonds by mixing the ligand and liposome solu-
tion after the liposome formulation is finished [9]. In the current
section, we describe the preparation of ligand-modified liposomal
DDS using the post-modification method.

2 Materials

2.1 Conjugation
of cRGD Peptides
with PEG Lipid

2.2 Encapsulation
of siRNA into
the MEND

Prepare all solutions in distilled, deionized water and use special
grade chemicals.

1. Cyclic RGD (-Arg Gly Asn D-Phe Lys-).

2. N-hydroxysuccinimide-PEG2,000-di-stearoyl-sun-glyceropho-
sphoethanolamine (NHS-PEG-DSPE).

3. Dialysis membrane (MWCO 1000).

4. Phosphate buffered saline, pH 7.4 (PBS): Dissolve a tablet of

PBS per 100 mL distilled deionized water (DDW). Pass the
solvent through a microfiltration filter (0.2 pm).

5. Sinapic acid.

1. YSKO5: Synthesize YSKO5, as previously reported [10].

2. Lipids: Dissolve YSKO5, 1-palmitoyl-2-oleoyl-sn-
glycerophosphoethanol amine (POPE) and cholesterol in 90 %
tertiary butanol (DDW, vol/vol) at 20 mM. And dissolve
1,2-dimyristoyl-sn-glycerol, = methoxypolyethylene  glycol
(molecular weight of PEG; 2000, PEG-DMG) in 90 % tertiary
butanol at 2 mM.

3. SiRNA: Dissolve SiIRNA in DDW at 2.0 mg/mL.

4. Citrate bufter: Weigh 2.68 g of citric acid and 1.76 g of triso-
dium citrate dehydrate. Add 900 mL of DDW to the powder,
adjust the pH of the solution to 4.0 with 1 M aqueous sodium

hydroxide. Add water to a volume of 1000 mL, and then pass
the solvent through s microfiltration filter (0.2 pm).
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. Ultrafiltration filter (Amicon Ultra-15, MWCO 100,000).
6. PBS (-): Dulbecco’s Phosphate-Buftered Saline for ultrafiltration.

. Ultrafiltration filter (Amicon Ultra-15, MWCO 100,000).
2. 200 proot ethanol.
. PBS, pH 5.5: Adjust pH of PBS (-) with 2 M hydrogen

chloride.

. HEPES buffer. Dissolve 119.2 mg of 2-[4-(2-hydroxyethyl)

piperazin-1-ylJethanesulfonic acid in 50 mL of DDW. Adjust
pH of the solution to 7.4.

. Qunat-iT RiboGreen RNA assay kit.
6. Dissolve 50 mg of dextran sulfate in 50 mL of DDW.
. Dilute triton X-100 to 10 % (weight/vol) with DDW.

3 Methods

3.1 Synthesis
of cRGD Peptides-PEG
Lipid Derivatives

3.2 Preparation
of Bare MEND

. Mix 3.3 mg of the cyclic RGD (5.5 mmol) peptide with

15.0 mg of NHS-PEG-DSPE (5.0 mmol) in 1.0 mL of PBS
(-), and then incubate the mixture with gentle mixing over
night at 37 °C (se¢ Note 1).

. Put the mixture into dialysis membrane. Place the membrane in

500 mL of PBS (-) for 2 h, and then replace the solution with
500 mL of refresh PBS (-) for 2 h (see Note 2). Next, place the
membrane in 500 mL of DDW for 2 h. Replace the solution
with 500 mL of DDW and allow it to stand overnight.

. Put the dialysate into a 50 mL tube, and allow it to congeal in

a -80 °C refrigerator. Lyophilize the dialysate over night at
normal temperature.

. Dissolve the resulting powder in 200 proof ethanol at a con-

centration of 5 mM.

. Add 1.0 pL of trifluoroacetic acid to 1.0 mL of DDW (0.1 %

TFA water), and then add 0.1 % water and acetonitrile at a
ratio of 1:1. Dissolve the sinapic acid in a 0.1 % water /acetoni-
trile mixture to give a concentration of 10 mg,/mlL..

. Add 2.0 pL of a 5 mM RGD-PEG solution to 50 pL of the

sinapic acid solution. Analyze the mixture by matrix assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI TOF-MS) (Fig. 1).

. Add 100 pL. of DDW, 20 pL of citrate buffer and 80 pL of

2.0 mg/mL SiRNA to a 1.7 mL tube.

. Add 90 pL of 20 mM YSKO5, 22.5 puL. of 20 mM POPE,

22.5 pL of 20 mM cholesterol and 45 pL. of 2 mM PEG-DMG
to a 5.0 mL tube.
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Fig. 1 Typical spectrum of PEG-NHS and RGD-PEG. The RGD peptide (molecular weight 603) was covalently
bonded to the PEG-NHS (molecular weight 3069), accompanied by the desorption of NHS group

3.3 Modification
of the MEND

with cRGD-PEG lipid
derivatives

. Add the SiRNA mixture to the lipid solution with vigorous

mixing using a vortex mixer. Then, mix the SiRNA /lipid mix-
ture with 2.0 mL of citrate buffer in a 15 mL tube with vigor-
ous mixing using a vortex mixer (se¢ Note 3).

. Immediately add 4.0 mL of PBS to the diluted SiRNA /lipid

mixture with vigorous mixing using a vortex mixer. Put the
solution into the upper tube of an Amicon Ultra-15, and cen-
trifuge the sample at room temperature for 20 min at 1000 x g4
(see Note 4).

. Discard the flow-through in the lower tube, and then add

14.0 mL of DDW to the residue in the upper tube (see Note
5). Then, centrifuge the solution at room temperature for
25 min at 1000 x 4.

. Recover the residual MEND solution in the upper tube, and

rinse the upper tube with DDW, particularly the membrane, at
least 2 times. Adjust the volume of the MEND to 1.0 mL (bare
MEND).

. Mix 1.0 mL of the bare MEND solution with 770 mL of PBS,

pH 5.5 and 30 pL of RGD-PEG. To the mixture, add 200 pL
of 200 proof ethanol with gentle mixing using a vortex mixer.
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Fig. 2 The typical characteristics of the RGD-MEND. The diameter of the RGD-MEND is around 100 nm, with a
homogenous particle size distribution. The C-potential is usually slightly negative, probably due to the leakage
of siRNA from the interior of the liposome

2. Incubate the mixture at 60 °C for 30 min at 1000 rpm using a
shaking incubator (se¢ Notes 6 and 7).

3. Put the mixture into the upper chamber of an Amicon Ultra-15,
and centrifuge the sample at room temperature for 20 min at
1000 x g4. Discard the flow-through in the lower tube, and then
add 14.0 mL of PBS (-) to the residue in the upper tube.
Centrifuge it at room temperature for 25 min at 1000 x 4.

4. Recover the residual MEND solution in the upper tube, and rinse
the upper tube with PBS (-), the membrane, at least 2 times.
Adjust the volume of the MEND to 1.0 mL (RGD-MEND).

5. Determine the particle size distribution and -potential of the
RGD-MEND using a Zetasizer Nano ZS ZEN3600 instru-
ment. Dilute the RGD-MEND 100 fold with PBS (-) for mea-
surement of the particle size distribution; dilute the
RGD-MEND 20-fold with HEPES buffer for measurement of
the C-potential. Typically, RGD-MEND is around 100 nm in
z-average and has a slightly negative charge (Fig. 2).

6. To quantify the ratio between SiRNA recovery and encapsula-
tion efficiency, prepare a series of standard solutions of SIRNA
(0, 400, 800, 1200, 1600, 2000 ng/mL) to prepare a stan-
dard curve and dilute the RGD-MEND solution to an appro-
priate concentration (<2000 ng/mlL, considered as 100 %
recovery and encapsulation) with HEPES bufter.

7. Mix the SiRNA standard curve solution and the diluted RGD-
MEND with the assay reagent as shown below in Table 1, and
then add all samples to a 96-well black microplate.

8. Measure the fluorescence at an excitation/emission
500,525 nm (Band width 5 nm) at room temperature using a
Microplate reader.
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;?::)Z:ation of assay reagents and an siRNA solution for siRNA
quantification
Triton X-100 (=) Triton X-100 (+)
siRNA standard 100 uL 100 pL
or RGD-MEND solution

1.0 mg/mL dextran sulfate 4 uL 4 uL

10 % triton X-100 - 2 pL

Qunat-iT RiboGreen 0.25 uL 0.25 pL

HEPES buffer 95.75 pL. 93.75 pL

9. Calculate the SiRNA concentration of the RGD-MEND solu-
tion using the standard curve and estimate the ratio of recov-
ery to encapsulation efficiency using the formulae below.

siRNA recovery ratio (%)
siRNA conc. (Triton (+)) x recovered volume
- initial siRNA (pg)

siRNA encapsulation efficiency (%)

B [siRNA conc. (Triton(+)) —siRNA conc. (Triton (—))J 100
N siRNA conc. (Triton (+)) g

4 Notes

1. NHS-PEG-DSPE cannot be removed from the reaction solu-
tion by dialysis unlike a peptide, because NHS-PEG-DSPE
forms micelles in water. Make sure that an excess amount of
peptide is added to the reaction mixture.

2. It is better to first perform a dialysis against PBS (-). This is
because the sudden change in ionic strength can lead to the
nonspecific binding of the peptide to the membrane.

3. The RGD-PEG solution should be stored at -80 °C. RGD-
PEG may undergo degradation when stored as a higher tem-
perature, such as 4 or -20 °C.

4. Vigorous mixing is important. If the agitation of the lipid and
SiRNA is not robust, aggregates may form and precipitate.

5. At the second ultrafiltration step, a solution without buffering
capacity should be used. In the next RGD-PEG modification,
it is important to maintain the pH at 5.5. Otherwise, SiRNA
may leak from the interior of the RGD-MEND.
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6. Centrifugation time should be minimized, since centrifugation
may affect the characteristics of the MEND.

7. The efficiency of RGD-PEG incorporation is strongly
dependent on the incubation time, temperature and ethanol
concentration.
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Chapter 7

A Multifunctional Envelope-Type Nano Device
Containing a pH-Sensitive Gationic Lipid for Efficient
Delivery of Short Interfering RNA to Hepatocytes In Vivo

Yusuke Sato, Hideyoshi Harashima, and Michinori Kohara

Abstract

Various types of nanoparticles have been developed with the intent of efficiently delivering short interfering
RNA (siRNA) to hepatocytes to date. To achieve efficient SiRNA delivery, various aspects of the delivery
processes and physical properties need to be considered. We recently developed an original lipid nanopar-
ticle, a multifunctional envelope-type nano device (MEND) containing YSKO05, a pH-sensitive cationic
lipid (YSKO5-MEND). The YSKO5-MEND with SiRNA in its formulation showed hepatocyte-specific
uptake and robust gene silencing in hepatocytes after intravenous administration. Here, we describe the
procedure used in the preparation and characterization method of the YSKO5-MEND.

Key words Multifunctional envelope-type nano device, pH-sensitive cationic lipid, YSKO5, Delivery,
Hepatocytes, Short interfering RNA, Gene silencing, RNA interference

1 Introduction

Since the discovery of small interfering RNA (SiRNA) [1], many
researchers have attempted to develop SiRNA delivery carriers in
order to realize RNA interference (RNAi) medicines. Given the
fact that liver genetic disorders are responsible for over 4000
human diseases [2], many types of SIRNA carriers for hepatocytes
have been developed. However, only several carriers have suc-
ceeded in near complete gene silencing using a single dose [3-7].
Lipid nanoparticles with pH-sensitive cationic properties have
been well characterized and appear to be the most potent for use
in conjunction with hepatocytes. The lipid nanoparticles are elec-
trostatically near neutral in the blood stream and are taken up by
hepatocytes, converted to a cationic form in endosomes, an acidic
vesicular compartment, and then fused with the endosomal mem-
brane, resulting in successful cytosolic SIRNA delivery. To achieve
these processes, the fusogenic activity of the pH-sensitive cationic
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lipid should be high [7]. The acid dissociation constant (pKa) of
the nanoparticle should be carefully adjusted to 6.2-6.5 [8]. The
particle size should be controlled less than 100 nm [9]. And the
stability of the particle in the blood stream should be guaranteed.
We recently synthesized a fusogenic and pH-sensitive cationic
lipid, YSKO5 [7, 10-12]. The pKa of YSKO5 is approximately 6.5,
which is within the optimal range for delivering SiRNA to hepato-
cytes. We also optimized the procedure for the preparation of the
YSKO5-MEND, in which we refer to as the zerz-BuOH injection
method. YSKO5-MENDs can be prepared on a small scale (160 pg
SiRNA/batch) with high reproducibility. Typically, the mean
diameter (number-weighted) of the YSKO5-MEND can be con-
trolled from 50 to 60 nm, as evidenced by dynamic light scattering
analysis, which is the optimal size range for hepatocyte-targeting.

2 Materials

2.1 Formation
of the MEND

YSKO05

Cholesterol

PEG,-DMG

SIFVII

Prepare all solutions using ultrapure water (by purifying deionized
water to attain a sensitivity of 18 MQ cm at 25 °C) and analytical
reagents.

1. 90 % tert-BuOH: Mix tert-BuOH and water at a 9:1 volume
ratio (see Note 1). Store at room temperature.

2. 10 mM YSKO5: Weigh 62.8 mg of YSKO5 in a 15 mL conical
tube and dissolve it in 10 mL of 90 % tert-BuOH. Store at
-20 °C (Fig. 1).

HO
o]
/\/\/\/\vf\/\)Lo/S(H\ozhO%\
NANANANNY

0

Sense strand: 5’-GGA ucA ucu cAA Guc uuA ¢T*T-3’
Anti-sense strand: 5°-GuA AGA cuu GAG AuG Auc ¢T*T-3’

(capital letter: natural, small letter: 2°-F, *: phosphorothioate linkage)

Fig. 1 Structures of lipids and a sequence of SiRNA
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3. 10 mM Cholesterol: Weigh 38.7 mg of cholesterol in a 15 mL
conical tube and dissolve it in 10 mL of 90 % tert-BuOH
(see Note 2). Store at -20 °C (Fig. 1).

4. 2 mM 1,2-dimyristoyl-sn-glycerol methoxypolyethyleneglycol
2000 (,PEG,-DMG): Weigh 50.0 mg of ,PEG;-DMG in a
15 mL conical tube and dissolve it in 10 mL of 90 % terz-
BuOH (see Note 3). Store at —20 °C (Fig. 1).

5. 0.8 mg/mL SiRNA: Dissolve lyophilized SiRNA (HPLC
glade) in water to become 0.8 mg/mL. Store at -20 °C (see
Note 4) (Fig. 1).

6. 20 mM citrate buffer: Add about 90 mL of water to a glass
beaker. Weigh 384.2 mg of citric acid and transfer it to the
glass beaker. Mix and adjust the pH to 4.0 with sodium hydrox-
ide. Make up to 100 mL with water. Pass through a 0.2 pm
syringe filter. Store at 4 °C.

7. PBS (-): Dissolve 5 PBS (-) tablets in 500 mL water. Pass
through a 0.2 pm syringe filter. Store at 4 °C.

8. 25G needle.
9. 1 mL syringe.
10. Amicon Ultra-15 centrifugal filter unit (MWCO 100 kDa).

2.2 Characterization 1. 10 mM HEPES buffer: Add about 90 mL water to a glass

of the MEND beaker. Weigh 238.3 mg of HEPES and transfer it to the glass
beaker. Mix and adjust the pH to 7.4 with NaOH. Make up to
100 mL with water. Pass through a 0.2 pm syringe filter. Store
at 4 °C.

2.3 RiboGreen Assay 1. 1 mg/mL sodium dextran sulfate: Dissolve 10 mg of sodium
dextran sulfate in 10 mL of 10 mM HEPES buffer. Store at
4 °C.
2. 10 % Triton X-100: Dissolve 1 g of Triton X-100 in 9 mL of
water. Store at room temperature.
3. RiboGreen. Store at 4 °C.

4. 96-well plate (black).

3 Methods
Carry out all procedures at room temperature unless otherwise
specified.
3.1 MEND 1. Mix 210 pLL of 10 mM YSKO5, 90 pL of 10 mM cholesterol,
Formulation 45 pL of 2 mM PEG,-DMG and 55 pL of 90 % zert-BuOH

in a 5 mL tube.
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3.2 Characterization
of the MENDs

11.

. Add 200 pL of 0.8 mg/mL SiRNA dropwise to the mixed

lipid solution under vigorous mixing using a vortex mixer.
Continue the vigorous mixing for 5 s after adding the solutions
(see Note 5).

. Collect the SiRNA-Ilipid mixed solution using a 1 mL syringe

with a 25G needle.

. Inject the SiRNA-lipid mixed solution into 2 mL of 20 mM

citrate buffer in a 15 mL conical tube under vigorous mixing
for 3-5 s (see Note 6). Maintain the vigorous mixing for 5 s
after the injection is finished to create a completely homoge-
neous solution (se¢ Note 7).

. Add 3.5 mL of PBS (-) to the MEND solution under vigorous

mixing (see Note 8). Maintain the vigorous mixing for 5 s to
create a completely homogenous.

. Transfer the diluted MEND solution to an Amicon ultra-15

centrifugal filter unit in which 7 mL of PBS (-) has been added.
Wash a 15 mL conical tube with 3.5 mL of PBS (-) and mix
with the MEND solution in the Amicon.

. Centrifuge the Amicon at 1000 x4 for 21 min (see Note 9).

. Discard the filtered solution and dilute the concentrated

MEND solution with 10 mL of PBS (-).

. Centrifuge the Amicon at 1000 x4 for 23 min (se¢ Note 9).
10.

Collect the concentrated MEND solution. Rinse the filters of
the Amicon with an appropriate volume (300-500 pL) of PBS
(=) by pipetting and combine with the MEND solution
(see Note 10).

Make up MEND solution to 1 mL with PBS (-). Store at 4 °C.

. Add 1 pL of a MEND solution to 49 pL of PBS (-)ina 1.7 mL

tube.

. Add 50 pL of the diluted MEND solution to a cuvette

(Marvern Instruments, UK). Place the cuvette on Zetasizer
Nano ZS ZEN3600 (Marvern Instruments, UK) and start the
process to measure particle size by dynamic light scattering
(Fig. 2, Table 1).

. Add 2 pL of the MEND solution to 748 pL of 10 mM HEPES

buffer in a 1.7 mL tube.

. Put the 750 pL of the diluted MEND solution into a dispos-

able cuvette (Marvern Instruments, UK) (se¢ Note 11). Place
the cuvette in a Zetasizer Nano ZS ZEN3600 (Marvern
Instruments, UK) and start the process for measuring the
C-potential by electrophoretic light scattering (Fig. 2, Table 1).
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Fig. 2 Typical diameter (Volume-weighted) (a) and {-potential (b) distribution if the YSK0O5-MEND

Table 1
The summery of the typical characteristics of the YSK05-MEND

Polydispersity index 0.081
Intensity-weighted mean diameter 83.2 nm
Volume-weighted mean diameter 67.1 nm
Number-weighted mean diameter 55.0 nm
C-potential +3.32 mV
siRNA encapsulation ratio 98.7 %

Total siRNA concentration 135.6 pg/mL

3.3 RiboGreen Assay 1. Preparation of standard curve samples. Add 1.00 pL of a 0.8

mg,/mL solution of SiRNA to 799 pL of 10 mM HEPES buffer
to give a solution containing 1000 ng SIRNA/mLina 1.7 mL
tube. Then, add 300 pL of the 1000 ng/mL SiRNA solution
and HEPES buffer to make a 500 ng/mL SiRNA solution.
Following the above procedure, make up the following solu-
tions: 300 pL of 250, 125, and 62.5 ng/mL SiRNA solution in
a 1.7 mL tube. Add 300 pL. of HEPES buffer to a 1.7 mL tube
for use as a blank sample (0 ng/mL SiRNA solution).

2. Add 5.00 pL of the MEND solution to 995 pL of 10 mM
HEPES buftfer in a 1.7 mL tube. (The theoretical SiRNA con-
centration should be 800 ng/mL, assuming that the SIRNA
recovery rate is 100 %.)

3. Prepare two kinds of RiboGreen solution. For the RiboGreen
solution (Triton+), mix 40 pL of a 1 mg/mL solution of
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sodium dextran sulfate, 20 pL of 10 % Triton X-100, 2.5 pL of
RiboGreen and 937.5 uL. of HEPES buffer in a 1.7 mL tube.
For the RiboGreen solution (Triton-), mix 40 pl. of a 1 mg/
mL solution of sodium dextran sulfate, 2.5 pL of RiboGreen
and 957.5 pL of HEPES buffer in a 1.7 mL tube.

. Add the standard curve samples and measurement samples to

a 96-well plate at a volume of 100 pL per well (For each sam-
ple, add it in 2 wells.). Then, add 100 pL of the RiboGreen
solution (Triton+) to 1 well of each sample and 100 pL of the
RiboGreen solution (Triton-) to another well of each sample.

. Shake the plate for about 20 s using a shaker at 800 rpm.

6. Measure fluorescent intensity derived from RiboGreen using a

fluorescent microplate leader, Varioskan Flash. (excitation
wave length: 500 nm, emission wave length: 525 nm)

. Calculation of the total SiRNA concentration and SiRNA

encapsulation ratio. Convert the unit of the measurement sam-
ple from fluorescent intensity to pg SiRNA/mL using the
SiRNA standard curve. The values in the Triton+ and Triton-
sample indicate the total SiRNA concentration and the total
unencapsulated SiRNA concentration, respectively. Calculate
the SiRNA encapsulation ratio using a following formula,

siRNA encapsulation ratio (%)

—100x|1— Unencapsulated siRNA concentration
Total siRNA concentration

(Table 1).

4 Notes

. Pure tert-BuOH can form a solid at room temperature (melt-

ing point: 25-26 °C). To circumvent this, warm up pure tert-
BuOH to 40 °C before use.

. Cholesterol tends to form aggregates in 90 % tert-BuOH.

Sonicate the aggregate using a bath-type sonicator.

. The average molecular weight of ,PEG,-DMG can vary with

each lot. Therefore, calculate the appropriate weight needed in
each lot. The value described in the text (25.0 mg) is accurate
when the average molecular weight of ,PEG,-DMG is 2500.

. Wear a mask and gloves when handling SiRNA. Dispense

200 pL of'an 0.8 mg/mL SiRNA solution to each 1.7 mL tube
in order to avoid freeze /thaw cycles.

. Confirm that the resulting solution is optically clear and not

milky. There are two cases for the solution to become milky.
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10.

11.

The first is contamination by salt in the SiRNA solution. The
presence of salt causes the precipitation of SiRNA in an alco-
holic solution analogous to the ethanol precipitation proce-
dure. In this case, add a small volume (10-50 pL) of DDW to
the SiRNA-lipid mixed solution under vigorous mixing until
the solution becomes optically clear. The second cause is due
to unexpected SiRNA-lipid interactions. In this case, add a
small volume (10-100 pL) of 90 % terz-BuOH to the SIRNA-
lipid mixed solution under vigorous mixing until is becomes
optically clear.

. Put the edge of the needle on the inside wall of a 15 mL tube

(bottom than half of the citrate buffer) in order to promote
mixing efficiency. Avoid allowing the syringe to touch the inside
wall of the 15 mL tube in order assure that mixing occurs.

. As the viscosity of zerz-BuOH is high, additional mixing for

several seconds is needed for the solution to reach homogene-
ity. Heterogeneous mixing causes the YSKO05-MEND to
develop a heterogeneous size distribution.

. To prevent conditions of both a high alcohol concentration

and a neutral pH, which causes the YSKO5-MEND to become
unstable, rapidly add PBS (-) to the MEND solution under
vigorous mixing.

. Confirm that the volume of the MEND solution is 500 pL or

less. When the volume exceeds 500 pL, centrifuge again for an
appropriate period of time at 1000 x 4.

A portion of the MEND particles adsorb weakly to filters of
the Amicon. Recover them by rinsing.

Confirm that no air babbles are present in the cuvette.
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Chapter 8

Bioreducible Poly(Beta-Amino Ester)s for Intracellular
Delivery of SIRNA

Kristen L. Kozielski and Jordan J. Green

Abstract

RNA interference (RNAI) is a powerful tool to target and knockdown gene expression in a sequence-
specific manner. RNAi can be achieved by the intracellular introduction of SiRNA; however, intracellular
SiRNA delivery remains a challenging obstacle. Herein we describe the use of bioreducible nanoparticles
formed using poly(beta-amino ester)s (PBAEs) for safe and efficient SiRNA delivery. Methods for polymer
synthesis, nanoparticle formation, and SiRNA delivery using these particles are described. A template pro-
tocol for nanoparticle screening is presented and can be used to quickly optimize SiRNA delivery for novel
applications.

Key words Polymer, Nanoparticle, SIRNA, RNA interference, Gene delivery, Transfection

1 Introduction

Sequence-specific gene knockdown via RNA interference (RNAI)
has the potential to treat or cure many diseases caused by overex-
pression or dysregulation of a given gene [1]. RNAI can be induced
by intracellular delivery of small interfering RNA (SiRNA) comple-
mentary to the targeted gene’s mRNA. However, SiRNA delivery
remains a challenge [2, 3]. Viral delivery methods, although effec-
tive, raise several safety concerns due to their inherent immunoge-
nicity and tumorigenicity [4]. Nonviral methods, such as
lipid-based, inorganic, and polymeric nanoparticles, typically can
avoid such issues but are often less effective at SIRNA delivery [5].

Poly(beta-amino ester)s (PBAEs), a class of cationic polymer,
are well-established as safe and effective DNA delivery vectors [ 6—
9]. PBAEs are promising potential candidates for SiRNA delivery,
as they can bind negatively charged nucleic acids into nanoparti-
cles, promote cellular uptake, and achieve endosomal escape due to
their positive charge and high buffering capacities. However,
SiRNA with 21-23 bp is much shorter than the average plasmid
used for DNA delivery (typically 4-10 kpb), and therefore has

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
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much less multivalency to electrostatically bind to cationic poly-
mers. This is one reason why cationic polymers may be unable to
stably form nanoparticles with SiRNA [10, 11]. Additionally,
SiRNA must be released at its site of action in the cytoplasm in
order for effective RNAI to take place [12].

Bioreducible PBAEs have previously been found to overcome
these challenges and to successfully deliver SIRNA in human glio-
blastoma cells [13, 14]. Methods to deliver SiIRNA to new cell
types are fundamental to the development of safer and more effi-
cient SiRNA delivery vehicles. Investigating the SiRNA delivery
capabilities of these polymers in untested cell types is important to
discovering their potential for the treatment of various diseases.
This chapter discusses a method to synthesize bioreducible PBAEs
and assess their ability to safely and effectively deliver SIRNA to a
new cell type.

2 Materials

2.1 Bioreducible
Monomer

2.2 Polymer
Synthesis

2.3 CGell Culture

. Bis(2-hydroxyethyl) disulfide.

. Triethylamine (TEA).

. Acryloyl chloride.

. Tetrahydrofuran (THF), anhydrous.
. Dichloromethane (DCM).

. Sodium carbonate (Na,COj3).

. Sodium sulfate (Na,SOy).

. Coarse porosity filter paper.

O NN N U B W N -

. 4-amino-1-butanol (54).

. 2-(3-(aminopropyl)Jamino)methanol (E6).

. 1-(3-aminopropyl)-4-methylpiperazine (E7).
. Teflon-lined screw cap glass vials, 5 mL.

. Teflon-coated magnetic micro stir bars.

QN U1 W N~

. Incubator/oven capable of reaching 95 °C.

P

. Cell line positive for green fluorescent protein (GFP) or other
fluorescent protein (see Note 1). Example cells in experiments
described below will be human glioblastoma cells isolated from
intraoperative samples [15], and transfected to constitutively
express GFP [9].

2. Cell culture medium: DMEM-F12 containing 10 % fetal
bovine serum (FBS) and 1 % antibiotic-antimycotic.

3. Trypsin.
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4. Phosphate buffered saline (PBS).

N O\ ULk N~ Ul

Nelieo]

. Hemocytometer.

. SiRNA delivery polymers from synthesis in Subheading 2.2.

. Dimethyl sulfoxide (DMSO), >99.7 %, anhydrous.

. 3 M Sodium acetate (NaAc), pH 5.2, sterile.

. AllStars Hs Cell Death SiRNA.

. Silencer® eGFP SiRNA.

. Silencer® Negative Control No. 1 SiRNA.

. Clear 96-well plate with lid, flat bottom, tissue culture treated,

sterile.

. Clear 96-well plate with lid, round bottom, sterile.
. Fluorescence plate reader.

10.
11.

Fluorescence microscope.

Flow cytometer, preferably with a HyperCyt® Autosampler.

3 Methods

3.1 Bioreducible
Monomer Synthesis

Researchers should be familiar with basic organic chemistry labora-
tory techniques such as separation of organic and aqueous phases,
drying organic solutions, and completing a reaction in anhydrous
conditions. All work should be conducted in a chemical fume
hood, and appropriate safety precautions should be followed for
each chemical used.

1.

Fill 1000 mL three-neck round bottom flask with 450 mL
THEF, and fill a 100 mL graduated cylinder with 50 mL
THE. Clamp round bottom flask to ring stand.

. Dissolve 12.2 mL hydroxyethyl disulfide and 37.5 mL TEA in

THEF in round bottom flask. Add a stir bar and begin to mag-
netically stir.

. Cover all outlets of round bottom flask with rubber septa and

flush with nitrogen for 5 min by attaching the nitrogen tank to
the left-most outlet with a needle and inserting an outlet nee-
dle to the right-most outlet. Leave nitrogen flowing and cover
round bottom flask with aluminum foil.

. Dissolve 24.4 mL acryloyl chloride in 50 mL THF in gradu-

ated cylinder.

. Clamp glass syringe (without plunger) with needle onto the

ring stand and lower so that needle goes through the top rub-
ber septum on the round bottom flask.

. Fill syringe with acryloyl chloride /THF solution to allow solu-

tion to add to round bottom flask dropwise. Continue adding
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3.2 Polymer
Synthesis

11.

12.

13.

14.

15.

16.

17.

18.

until all acryloyl chloride is added. A pale yellow precipitate
will form during the reaction; this is TEA HCL.

. Remove glass syringe from top septum and allow nitrogen to

flow for an additional 10 min.

. Turn nitrogen off and remove needle. Leave an outlet needle

in one septum attached to a balloon. This will keep air from
entering the reaction but will allow for any slight pressure
changes during the reaction.

. Allow reaction to continue while stirring overnight (at least 12 h).
10.

Use a glass funnel and filter paper to remove the TEA HCI,
and wash the precipitate with an additional 100 mL THF.

Move solution to a 1000 mL round bottom flask. Remove
THE via rotary evaporation. You will be left with a yellow, vis-
cous liquid.

Dissolve liquid in 200 mL DCM and move to separatory
funnel.

Wash solution with 200 mL of 0.2 M Na,COj;, mix in separa-
tory funnel, move organic phase (the lower layer) to a round
bottom flask. The aqueous phase (upper layer) may be
discarded.

Repeat Na,CO; washes four additional times, followed by
three washes in deionized water.

Weigh a clean, dry 500 mL round bottom flask and record its
weight.

Following the final separation, use Na,SO, to dry the contents
of the organic phase. Use a glass funnel and filter paper to
remove the Na,SO,.

Move the organic phase into the clean round bottom flask, and
remove the DCM using rotary evaporation. Weigh the flask to
determine the product yield.

The final product, disulfanediylbis(ethane-2,1-diyl) (BR6),
will be a yellow, viscous fluid and should yield approximately
10 g. The authors recommend using H'-NMR to confirm the
purity of BR6, in particular checking for any remaining solvent
and acrylic acid.

. Weigh 800 mg of monomer DMSO (or other diacrylate mono-

mer) synthesized in Subheading 3.1, into a 5 mL screw cap
glass vial.

2. Add 1059 mg DMSO to BR6 and vortex to dissolve.

. Add amine monomer to acrylate monomer at an acrylate/

amine stoichiometric ratio of 1.05:1; this will yield acrylate-
terminated base polymers. To make polymers BR6-S4-E6
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(R646) or BR6-S4-E7 (R647), add 259 mg of monomer $4 to
800 mg BR6.

4. Add a teflon-coated magnetic stir bar to the vial.

5. Polymerize while magnetically stirring in an oven at 90 °C
for 24 h.

6. To end-cap the polymers, dilute base polymers to 166.7 mg/
mL in DMSO, dilute end-caps to 0.5 M, and combine 480 pL
polymer with 320 pL end-cap. This will yield a final polymer
concentration of 100 mg/mL. To make polymer R647, for
example, dilute base polymer BR6-S4 to 166.7 mg/mL with
480 pL total volume, and dilute 25.2 pL E7 in 320 pL DMSO,
then combine.

7. Shake at room temperature for 1 h.

8. Store polymers at —20 °C in the presence of a desiccant until
ready to use.

Researchers should be familiar with basic sterile cell culture tech-
niques such as growing, passing, and plating cells. All work should
be completed in a laminar flow biosafety cabinet using sterilized
reagents and equipment. The following protocol is for testing
SiRNA formulations in a 96-well plate. Each nanoparticle formula-
tion is tested using both the targeting SiRNA and a scrambled
control RNA (scRNA), each in quadruplicate. The following
example experiment will test two polymers, R646 and R647, each
at two different concentrations (300 and 150 pg/mL), and each
with an SiRNA dose of 90 and 45 nM (see Notes 1-3).

1. Twenty-four hours prior to transfection, seed cells into a clear
tissue culture 96-well plate at 15,000 cells/well in a volume of
100 pL per well. Leave Rows E-H, column 1 free of cells and
filled only with 100 pL of media.

2. Dilute 3 M sodium acetate to 25 mM by adding 4.2 mL of
3 M sodium acetate into 495.8 mL sterile deionized water.

3. Thaw SiRNA and scRNA stock solutions (each stored at
50 pM). Dilute each using 7.1 pL stock RNA in 322.9 pL
sodium acetate to make a 1080 nM RNA dilution. (This will
give you a final concentration of 90 nM once the RNA is
diluted by half during nanoparticle formation, and then by six
once the particles are added to cells.) To make the 540 nM
dilution, dilute 110 pL of 1080 nM RNA in 110 pL sodium
acetate. Aliquot 50 pL of each RNA dilution into a round-
bottom 96-well Master Plate following Fig. 1.

4. Thaw polymers R646 and R647 made in Subheading 3.2 (each
stored at 100 mg/mL). Dilute each using 11.9 pL stock poly-
mer in 318.1 pl. sodium acetate to make a 3600 pg/mlL
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Master Plate

2 3 [ 5) B 7 8 9 10) 11 12
A 646 300 ug/mi. [R646 150 p/mL | R647 300 g/mL |R647 150 pgmL.
B
c SRNA4SnM__[SRNA4SnM _[SIRNA45nM

SCRNAZS M _|scRNAZS i [scRNA 45 nM

G
H
Cell Plate

2 3 4 5) 6 7 8 g 10) 11 12
A untreated 546 300 R646 150 RE4T 300 RE47 150
8 ] R646 300 R646 150 RE47 300 RE47 150
C untreated R646 300 R646 150 R647 300 RB47150
1] untreated R646 300 RE46 150 g/m |RE47 300 ug/mi. |REAT 150 jug/ml
£ No cells J R646 300 g/l |R646 150 pg/ml |R647 300 g/ [R647 150 g/l
G No cells ] 646 300 g/ mi. |RB46 150 g/ mi. [R647 300 g/ [RE47 150 pg/m.
G No cells RB45 300 g/l |R646 150 g/l |R647 300 pug/mL [R647 150 g/l
H No cells [R646 300 ug/mL [R646 150 pg/ml [RE47 300 pg/mi. [RE47 150 g/l

Fig. 1 High throughput siRNA delivery experiment plate layout

3.4 Measurement
of Gene Knockdown

dilution (which will yield a final polymer concentration of
300 pg/mL). Dilute 110 pL of the 3600 pg/mL dilution in
110 pL. NaAc to make a 1800 pg/mL dilution. Aliquot 105 pL.
of each polymer to the Master Plate following Fig. 1.

5. Using the multichannel pipette, move 50 pL of polymer from
Row A of the Master Plate to the RNA in Row C; pipette vig-
orously several times. Repeat with RNA in Row D. Allow
nanoparticles to form for 10 min.

6. Prior to adding nanoparticles, use a fluorescence plate reader to
measure the pre-transfection fluorescence of the cells in each
well. Remove the media and add 100 pL of serum-free media.
Following Fig. 1 and using a multichannel pipette, add 20 pL
of nanoparticles in Row C of the Master Plate to Rows A-D of
the Cell Plate. Add 20 pL of nanoparticles in Row D of the
Master Plate to Rows E-H of the Cell Plate. Gently shake the
Cell Plate on a flat surface to promote mixing. Place cells in a
cell culture incubator for the duration of the incubation.

7. Following 1-4 h incubation, remove the nanoparticle-
containing media using a multichannel pipette. The incubation
time should be optimized for any new cell type used. Replenish
cells with 100 pL of fresh, previously warmed media, and
replace cells in the incubator.

The following protocol requires cells that are constitutively GFP
positive and a flow cytometer equipped with a Hypercyt®
Autosampler or other autosampler. If one is not available, the
researcher may follow the protocol as written, but will be required
to prepare the samples in the traditional manner for flow cytome-
try, in which individual samples are moved into tubes. The
researcher should be familiar with flow cytometry and analysis of
flow cytometric data.
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1. Using the fluorescence plate reader, the GFP knockdown

should be tracked each day following transfection until the
peak day can be determined. Percent knockdown (%KD) can
be determined by first averaging and then subtracting the GFP
fluorescence readings of wells containing media only from all
samples. Using these new values, the average of SIRNA-treated
and scRNA-treated wells should be calculated, and %KD can
be found by subtracting the SiRNA-treated values from
scRNA-treated values, normalizing to scRNA-treated values,
then multiplying by 100.

. Repeat the SiRNA knockdown experiment, and on the previ-

ously determined peak day of knockdown, use a fluorescence
microscope to visualize GFP expression in each group.

. Prepare the cells for flow cytometry by removing the media

from the wells in a 96-well plate, adding 100 pL PBS per well,
removing the PBS, and adding 30 pL trypsin. Wait until the
cells have released from the plate, add 170 pL of Flow Bufter
(2 % FBS in PBS), and move all 200 pL in each well to the cor-
responding wells of a round-bottom 96-well plate. Centrifuge
the round-bottom plate to spin cells down, then remove
170 pL of Flow Buffer from each well, and resuspend cells by
pipetting to increase the cell concentration. Use the flow
cytometer and autosampler to measure the FL1 GFP fluores-
cence levels of the cells in each sample.

. Cells should be gated for as during normal flow cytometric

analysis. FLL1 geometric mean fluorescence should be calcu-
lated for each well (Fig. 2). Using these values, calculate %KD
as with the data acquired from the plate reader, by normalizing
SiRNA-treated values to scRNA-treated values.

siRNA scRNA untreated
107 4 107 4 107 4
10° 10° V4 10°
.f'f'..
10° 1 ) : _‘:;;_ﬂ i 10° ] j?:/ i 10° .
: gt - 4 3 3
10' 4 SRy o 10t 4 3l L 10t
gl sl I o T
103-_! 2 Y 10° 4 Y 10° 4
¥ w w
10? 1 102 4 10% 4
10' 4 Geom. Mean FL1 = 22163 10' | Geom. Mean FL1 = 263897 10" | Geom. Mean FL1 = 244203
L ™ Las Mk Bk on B s Mt | L ™y L B | L B | L | | ™ L Bk | L B | ™
10' 10® 10° 10* 10° 10° 107 10' 10® 10° 10* 10° 10° 107 10' 10° 10° 10* 10° 10° 107
FL1-H:: FL1-H FL1-H:: FL1-H FL1-H:: FL1-H

Fig. 2 Example flow cytometry results of GFP+ glioblastoma cells treated with polymer R647 at 180 pg/mL
with 20 nM of either GFP siRNA or scCRNA
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1. The above protocol assumes that the cells used are or can be

made to express GFP or another fluorescent protein. If this is
difficult or impossible, several other options can be utilized. One
option is to instead use a death positive control SIRNA such as
AllStars Death Control SiRNA available from Qiagen. If this
SiRNA is used, SiRNA delivery efficacy can be determined by
comparing the toxicity of SIRNA-treated cells to scRNA-treated
cells, either by cell counting or a proliferation assay.

. If SIRNA delivery efficacy is lower than desired, increasing

polymer or SiRNA concentration or increasing incubation

. If toxicity is higher than desired, lowering SiRNA or polymer

concentration, lowering incubation time, or increasing the

serum concentration in the media can lower toxicity.

This work was supported in part by the NIH (1RO1EB016721).
K.L.K. also thanks the NIH Cancer Nanotechnology Training
Center (R25CA153952) at the JHU Institute for Nanobio tech-
nology and the NIH NCI Ruth L. Kirschstein NRSA Predoctoral
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4 Notes
time may increase efficacy.
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Chapter 9

Preparation of Polyion Complex Micelles Using Block
Copolymers for SiRNA Delivery

Hyun Jin Kim, Meng Zheng, Kanjiro Miyata, and Kazunori Kataoka

Abstract

Polyion complex (PIC) micelles can be prepared through the spontancous assembly of cationic block
copolymers with oppositely charged short interfering RNAs (SiRNAs). Their core—shell architectures ofter
a delivery platform for vulnerable SiRNA, improving their biological activities for medicinal applications
such as tumor-targeted therapy. Here, we report a protocol for the preparation of SiRNA-loaded PIC
micelles using a poly(ethylene glycol)-block-poly(aspartamide) derivative, providing the physicochemical
criteria for well-defined micellar formulation. In addition, we describe protocols for a stability assay for
SiRNA-loaded PIC micelles in the presence of serum using fluorescence correlation spectroscopy and a
luciferase assay for cultured cancer cells stably expressing luciferase, thus providing the biological criteria
for further medicinal applications.

Key words RNAi, SiRNA delivery, Polyion complex micelle, Block copolymer, Fluorescence correla-
tion spectroscopy

1 Introduction

RNA interference (RNAi), which is a post-transcriptional gene
regulation mechanism triggered by small interfering RNA (SiRNA),
has attracted much attention as a potential therapeutic technique
[1]. However, the therapeutic efficacy of SiRNA is limited because
of'its rapid nuclease degradation, renal filtration during circulation
in the bloodstream, and inefficient cellular uptake [2—4]. To over-
come these biological hurdles, block copolymers comprised of
neutral and hydrophilic poly(ethylene glycol) (PEG) and polyca-
tions have been highlighted as promising delivery vehicles. In
aqueous milieu, cationic block copolymers electrostatically bind to
oppositely charged SiRNA to form polyion complex (PIC) micelles
(Fig. 1). The charge-neutralization between cationic segments
and SiRNA sequesters them into PIC cores, and hydrophilic PEG
chains align toward the aqueous phase, generating a unique core—
shell structure [5]. This core—shell structure protects SiRNA

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_9, © Springer Science+Business Media New York 2016
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Fig. 1 Schematic illustration of PICm (siRNA) formation

payloads from enzymatic degradations and reduces unfavorable
interactions with biomacromolecules, allowing passive tumor tar-
geting through enhanced permeability and retention (EPR) effect
[6, 7]; systemically administered PIC micelles can pass across the
loosely organized vascular wall surrounding tumor tissues and
preferably accumulate in the tumor tissue. Furthermore, PIC
micelles can be highly functionalized by introducing (1) core-
stabilizing moieties (e.g., cholesterol and stearoyl moieties), (2)
targeting ligands (e.g., cyclic RGD peptide), and (3) bioresponsive
(or acidic pH-, redox potential-, and ATP concentration-
responsive) moieties (e.g., hydrazon, disulfide, and phenylboronic
acid moieties) for enhanced biological activities [8—14].

The above functionalities of PIC micelles rely on the con-
trolled self-assembly of block copolymers to have a regulated size
of several tens of nanometers and a narrow size distribution. In this
regard, the micelle formation can be characterized by static and
dynamic light scattering (SLS and DLS) in terms of scattered light
intensity (SLI), hydrodynamic size, and size distribution (or poly-
dispersity index (PDI)) [15, 16]. SLI is dominantly influenced by
changes in an apparent molecular weight of macromolecules and
their self-assemblies and thus can be used as an indicator for self-
assembly [17]. In particular, the micelle formation in an oppositely
charged ionomer pair contributes to a drastic increase in SLI, com-
pared with separately prepared non-associated ionomers. On the
other hand, the preformed micelle structure needs to be maintained
in extracellular conditions to retain its structural advantages; suffi-
ciently stabilized PIC micelles in extracellular conditions permit
significant cellular internalization of SiRNA payloads [10], which
is directed toward more efficient gene silencing in target cells [8].
In this regard, fluorescence correlation spectroscopy (FCS) is use-
ful for a stability assay of PIC micelles because FCS can determine
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Table 1
Physicochemical criteria for well-defined PICm(siRNA) formulations

Parameter Sufficient condition
Hydrodynamic (cumulant) diameter Less than 100 nm

PDI Less than 0.1

SLI Significantly higher than that

from free ionomers

Encapsulation of siRNA No detectable free siRNA

diffusion coefficients (Ds) of fluorescent dye-labeled macromole-
cules even under highly diluted and serum conditions.

In this chapter, we introduce standard protocols for the prepa-
ration and characterization of SiRNA-loaded PIC micelles
(PICm(SiRNA)) using a representative cationic block copolymer,
PEG-block-poly[ N'"'-( N'’-{ N'-[ N-(2-aminoethyl)-2-aminoethyl]-
2-aminoethyl}-2-aminoethyl)aspartamide |-cholesteryl (PEG-
PAsp(TEP)-Chol) [18, 19]. The important parameters for micelle
formation, including SLI, hydrodynamic size, and PDI, as well as
the encapsulation of SiRNA during micelle formation, were deter-
mined as a function of a residual molar ratio of amines in the cat-
ionic copolymer to phosphates in SIRNA (hereafter, termed N /P
ratio) (Table 1). The D values of PICm(Cy3-labeled SiRNA) in the
presence of serum were then time-dependently monitored by FCS
to examine their serum resistance. A luciferase assay was further
described to determine the gene silencing efficiency of the
PICm(SiRNA) formulation. These protocols are important to
characterize SiRNA delivery vehicles and are thus widely applicable
for the self-assembly of SiIRNA prepared with newly synthesized
cationic block copolymers (se¢ Note 1).

2 Materials

2.1 Preparation
of Cationic Block
Gopolymer and siRNA

1. Cationic block copolymer.

2. Firefly luciferase SiRNA (sense: 5'-CUU ACG CUG AGU
ACU UCG AdTdT-3’; antisense: 5'-UCG AAG UAC UCA
GCG UAA GdTdT-3’) (siLuc).

3. Control (scramble) SiRNA (sense: 5-UUC UCC GAA CGU
GUC ACG UdTdT-3’; antisense: 5-ACG UGA CAC GUU
CGG AGA AdTdT-3") (siScr).

4. 10 mM Hepes bufter, pH 7.3.

5. 0.01 M HCI (2 L ultrapure water+2 mL of 5 M hydrogen
chloride, prechilled).
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. Dialysis membrane (molecular weight cutoft: 3.5 kDa).
. Dialysis tubing closures.

. 2 L glass beaker.

. 100 mL round-bottom flask.

. Freeze dryer.

Stir bar.

. Zetasizer (Malvern Instruments).

. Low-volume quartz cuvette (ZEN2112, Malvern Instruments).
. Acetone.

. Dryer.

. 0.1 M sodium hydroxide solution.

. 20 % Novex polyacrylamide TBE gel.
2. SYBR Green II RNA Gel Stain.
. 50 % glycerol: Dilute glycerol (0.5 mL) with 10 mM Hepes

bufter, pH 7.3 (0.5 mL) and store at 4 °C.

4. XCell Surelock Mini-Cell electrophoresis module.

6
7
8
9
10.
11
12.
2.2 Size 1
and Scattered Light )
Intensity (SLI) 3
Measurement A
5
2.3 Gel 1
Retardation Assay
3
5
6
7
2.4 Stability Assay 1.
2
3
4
5
2.5 Transfection 1.
to HeLa-Luc Cells
2

. 1x TBE buffer: Add 100 mL 10x TBE buffer to 900 mL ultra-

pure water.

. Molecular Imager FX.
. Opaque plastic tray.

A confocal laser-scanning microscope (LSM 510, Carl Zeiss)
equipped with a ConfoCor 3 module and a Zeiss C-Apochromat
40x water objective should be used. A He-Ne laser (543 nm)
is used for the excitation of Cy3-labeled SiRNA and the emis-
sion is detected through a 560-615 nm band pass filter.
Autocorrelation curves of each sample are collected from ten
measurements during a sampling time of 10 s and are fitted
with a Zeiss ConfoCor 3 software package to calculate the D of
Cy3-labeled SiRNA.

. Rhodamine 6G.

. 8-well Lab-Tek chambered borosilicate cover glass.

. Cy3-labeled firefly luciferase SIRNA (see Note 2).

. 10 % fetal bovine serum (FBS) in PBS (1 mL of FBS mixed

with 9 mL of PBS).

Human cervical cancer cells stably expressing luciferase
(HeLa-Luc).

. 75-cm? cell culture flask.
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. Humidified incubator, maintained at 37 °C and 5 % CO,.
. High-glucose DMEM.

FBS.

. Penicillin/streptomycin solution (P/S).
. Ix Trypsin-EDTA solution.

. Cell counter.

. 15 mL centrifuge tubes.

10.
. 96-well culture plate with flat-bottom.
12.
13.
14.
15.

Centrifuge equipped with swinging bucket rotor.

Cell lysis buffer.
Luciferase assay system.
Luminescence microplate reader.

Opaque 96-well plate with flat-bottom.

3 Methods

3.1 Micelle
Formation

3.1.1  Preparation
of Cationic Block
Copolymer

Carry out all procedures at room temperature with autoclaved tips
and 1.5 mL tubes, but it is not necessary work on a clean bench.
Block copolymer solutions should be mixed with SiRINA solutions
at various N /P ratios to select the PICm (SiRNA) that fulfills all
physicochemical criteria. If such an N /P ratio is not found, you
may need to change the degree of polymerization (DP) in the
polycation and/or PEG segment. In addition, you may need to
redesign the chemical structure of the polycationic segment. We
found that not all cationic block copolymers could form well-
defined micelles that fulfill the criteria.

1.

Synthesize a block copolymer, PEG-PAsp(TEP)-Chol, or pre-
pare other cationic polymers [18]. Here, PEG-PAsp(TEP)-
Chol with PEG (MW=12,000) and PAsp(TEP) (DP=57) is
used as an example (see Note 3).

. Dissolve the block copolymer in ultrapure water (10-30 mL)

and load the polymer solution into a dialysis tube (see Note 4).

. Dialyze the solution against 2 L of 0.01 M hydrogen chloride

at 4 °C for 4 h in a glass beaker.

. Discard old 0.01 M HCI and fill with fresh 2 L of 0.01 M

hydrogen chloride.

. Dialyze at 4 °C for another 4 h.

6. Discard old 0.01 M HCI and fill with fresh 2 L of 0.01 M

hydrogen chloride.

. Dialyze at 4 °C overnight.
. Discard old 0.01 M hydrogen chloride and fill with 2 L of

ultrapure water.
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9. Dialyze at 4 °C for 2 h to remove excess hydrogen chloride.
10. Discard old water and fill with fresh 2 L of ultrapure water.
11. Dialyze at 4 °C for 2 h (se¢ Note 5).

12. Carefully open the dialysis tube and collect the polymer solu-
tion in a 100 mL round-bottom flask.

13. Freeze the polymer solution in liquid Ns.
14. Lyophilize the sample in a freeze dryer.
15. Collect and store polymer powder at -20 °C.

3.1.2  Calculation 1. Total amine molar concentration in 1 mg/mL polymer solu-

of /P Ratio tion (see Note 6): Obtain the MW of the cationic block copo-
lymer. The MW of the counter-ions against the ionized
functional groups in the cationic block copolymer should be
also included. Count the total number of amino groups that
can be protonated (see Note 7). Calculate the amine molar
concentration (mM) in 1 mg/mL polymer solution (Fig. 2,
Table 2).

PEG segment Cationic segment

[ Not counted nitrogens

A A
T 1 T
o
OEt
Eto)\/\eo/\az/n\l‘ek B Counted amines
o]
O,

Cl-

PEG-PAsp(TEP)-Chol

[o} > _
“P-0 o]
0 H o 0. QO Counted phosphates
Base 0 HO ~P-0 o
Base o) o O,/
HO “ p-0 OH
Base' o . ,,_0'
Base Base HO
o [0}
OH Base Base
0= o Base
HO 0-P, - OH o
9 o ) Base
0—P'~ 0':) o Base
10 , H o
(0] O-P. 0
10 , H
(o] O=-P.
A0
siRNA S OH

Fig. 2 Chemical structures of PEG-PAsp(TEP)-Chol and siRNA (21mer/21mer). Amines and phosphates that
should be used for calculating N/P ratios are indicated by red and yellow colors, respectively
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Table 2
Example of the calculation of amine and phosphate concentrations

MW of PEG- MW of PEG + MW of Asp(TEP) unitx DP of PAsp(TEP) + MW of Cl-x DP of
PAsp(TEP)- PAsp(TEP) x Number of Cl- in Asp(TEP) unit+ MW of Cholesteryl moiety
Chol including 12,097 +290x57 +35.5x57 x4 +413=36,721 g/mol
Cl- as
counter-ions

Amine lmg / mL
concentration MW of PEG PAsp(TEP) Chol
in 1 mg/mL

x Number of amines in Asp (TEP) unit x DP of PAps(TEP)
lmg / mL
_Img/mL 572 622x10°M = 6.21mM
36,721g / mol

Phosphate siRNA concentration x number of phosphates in siRNA

concentration 20 pM x40=800 pM

in 20 pM siRNA

Table 3
Volumes of polymer, siRNA, and buffer solutions required for N/P ratios of 3, 4, and 5

N/P Volume of 1 mg/mL Volume of 20 pM 10 mM Hepes
ratio Polymer (jiL) SiRNA (pL) buffer pH 7.3 (uL)
3 1.9 5 13.1

4b 2.6 5 12.4

5 32 5 11.8

2. Total phosphate molar concentration in 20 pM SiRNA solu-
tion. Some manufacturers provide 21mer/21mer SiRNA with-
out the phosphate group in the 3’-end. In this case, the total
number of phosphate groups in one SiRNA is 40. If not, it is
42. Calculate the phosphate molar concentration (pM) in
20 pM SiRNA solution.

3. Prepare solutions according to desired N /P ratio (Table 3).

4. Calculate the desired volume of 1 mg/mL polymer solution
and SiRNA solution to obtain a 5 pM PICm(SiRNA) solution,
as described below:

Volume of 1 mg / mL polymer solution (uL)
=N / P ratio x phosphate concentration (uM)

x volume of siRNA solution (uL)x 107 /amine concentration (mM).



96

3.1.3 PICm(siRNA)
Formation

Hyun Jin Kim et al.

3.2 Size and SLI

Measurement

[

100

80 A

Micelle size (nm)

. Dissolve 1 mg cationic block copolymer in 1 mL of 10 mM

Hepes buffer, pH 7.3 (see Note 8).

. Prepare SiRNA solution (20 pM) in 10 mM Hepes butffer,

pH 7.3.

. Mix the polymer solution sequentially with 10 mM Hepes buf-

fer, pH 7.3 and the SiRNA solution to obtain a PICm(SiRNA)
solution (5 pM SiRNA concentration) (Table 3).

. Place the mixture at room temperature for 1 h. Micelles are

then ready to use. Micelle solution can be stored at 4 °C

overnight to use the next day. Do not freeze micelle solution
(see Note 9).

. Load 20 pL of ultrapure water into a low-volume quartz

cuvette.

. Measure the derived count rate and confirm that it is less than

100 keps with no attenuator mode (fully opened slit) (se¢ Note 10).

. Remove ultrapure water and gently wash inside with acetone.

Completely dry the cuvette with gentle heating.

. Prepare PICm(SiRNA) (5 pM SiRNA concentration) at vari-

ous N /P ratios according to Subheading 3.1.

. Load one sample (20 pL) into a low-volume quartz cuvette.

Measure size/PDI in dynamic light scattering (DLS) mode
and SLI in static light scattering (SLS) mode.

. Remove the sample and wash the quartz cuvette with ultrapure

water twice. Gently wash inside with acetone and completely
dry the cuvette with gentle heating.

. Load the next sample (20 pL) into the quartz cuvette. Measure

size/PDI in DLS mode and SLI in SLS mode.

. Analyze the size, PDI, and SLI (see Notes 11 and 12) (Fig. 3).
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Fig. 3 (a) Size (open circle) and PDI (open square) of PEG-PAsp(TEP)-Chol PICm (siRNA) measured by DLS.
(b) Relative SLI of PEG-PAsp(TEP)-Chol PICm (siRNA) measured by SLS
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Fig. 4 Gel retardation assay of PEG-PAsp (TEP)-Chol PICm (siRNA) with increas-
ing N/P ratios. The disappearance of free siRNA band is observed at N/P=2

. Prepare PICm(SiRNA) (5 pM SiRNA concentration) at vari-

ous N /P ratios according to Subheading 3.1.

. Mix 1.5 pLL of 5 pM PICm(SiRNA), 1 pL of 50 % glycerol, and

7.5 pL of 10 mM Hepes bufter, pH 7.3.

. Assemble electrophoresis modules in 1x TBE buffer (see

Note 13).

4. Load samples (10 pL) into 20 % TBE polyacrylamide gel.
. Electrophorese the gel at 100 V for 60 min.
6. Dilute SYBR Green II RNA Gel stain (3 pL) in ultrapure water

(30 mL) in an opaque plastic tray (see Note 14).

. Stain the gel with SYBR Green II RNA Gel Stain solution for

10 min and analyze the stained gel using an imaging system.

. Analyze the association between the polymer and SiRNA (see

Note 15) (Fig. 4).

. Choose N /P ratios satisfying all physicochemical criteria of

size, PDI, SLI, and encapsulation efficiency.

. Prepare 100 nM Rhodamine 6G in 10 mM Hepes bufter,

pH 7.3.

. Place 100 pL of Rhodamine 6G solution into an 8-well Lab-

Tek chambered borosilicate cover glass.

. Place the chambered cover glass on the microscope stage and

adjust the position where the He-Ne laser (543 nm) beams at
the sample solution in a well.

. Appropriately adjust laser intensity and Rhodamine 6G con-

centration by monitoring count rate and counts per molecules,
according to the manufacturer’s instructions.

. Measure the diffusion time of Rhodamine 6G (7p, rhodamine 6G)5

as well as the structure parameter.

. Prepare PICm (SiRNA) (5 pM SiRNA concentration) contain-

ing Cy3-labeled SiRNA according to Subheading 3.1.
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3.5 Transfection
to HeLa-Luc Cells

7.

10.

11.

12.

13.

14.

15.

16.

For the measurement of initial D of PIC micelles without incu-
bation, dilute the PICm (Cy3-labeled SiRNA) up to 100 nM
SiRNA with 10 mM Hepes bufter, pH 7.3.

. Place 100 pL of sample solution into an 8-well Lab-Tek

chambered borosilicate cover glass.

. Place the chambered cover glass on the microscope stage and

adjust the position where the He-Ne laser (543 nm) beams at
the sample solution in a well.

Appropriately adjust laser intensity by monitoring count rate
and counts per molecules.

Measure 7p, mieae based on the predetermined structure
parameter.

For the serum stability assay, dilute the PICm (Cy3-labeled
SiRNA) up to 100 nM SiRNA with 10 % FBS in PBS and incu-
bate at 37 °C.

Place 100 pL of sample solutions into an 8-well Lab-Tek cham-
bered borosilicate cover glass for a designated incubation time.

Place the chambered cover glass on the microscope stage and
adjust the position where the He-Ne laser (543 nm) beams at
the sample solution in a well.

Measure 7p, micele based on the predetermined structure
parameter.

Convert the obtained 7, values to D using the following
equation:

D =D

micelle X TD,micellc Rhodamine 6G X TD,Rhodamine 6G

where Drpodamine 66 18 414 pm? /s according to the literature [20]
and 7p, micee A0 Tp, Rhodamine 66 are obtained from the above
experiments. The representative data of the stability assay can

be referred to in the literature [10, 18].

. On day zero, Culture cells in a 75 cm? cell culture flask with

DMEM containing 10 % FBS and 1 % P/S (hereafter referred
to growth DMEM) until cells are healthy and approximately
80 % confluency.

. Aspirate growth DMEM and gently wash cells once with 5 mL

of room temperature PBS.

. Add 5 mL of 1x Trypsin-EDTA solution to the flask and incu-

bate at 37 °C for 5 min.

. Resuspend the cells with 5 mL growth DMEM and transfer

them into a 15 mL conical centrifuge tube.

. Centrifuge at 500 x4 for 5 min at 4 °C, aspirate supernatant,

and resuspend cells in 3-5 mL growth DMEM.
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. Count cells and calculate the volume of growth DMEM

required for 3x10% cells/well in 96-well culture plates
(see Note 16).

7. Plate cells in 96-well plates and return to the incubator.

10.

11.

12.

13.
14.

15.

16.

17.

18.

. On day 1, Separately prepare PICm (siLuc) and PICm (siScr).
. Dilute 5 pM PICm (SiRNA) solution to the proper transfec-

tion concentration. For 200 nM SiRNA in a 96-well plate, mix
16 pL of 5 pM PICm (SiRNA) with 24 pL. of 10 mM Hepes
bufter, pH 7.3 in order to prepare 10 pL of 2 uM PICm
(SiRNA) per well (n=4).

Careftully aspirate growth DMEM from the 96-well plate and
add fresh pre-warmed growth DMEM (90 pL/well).

Add PICm (SiRNA) solution (10 pL) to each well and gently
tap the 96-well culture plate to disperse micelle solution (see
Note 17).

Return the plate to the incubator.
On day 3, carefully aspirate growth DMEM.

Gently wash cells with 100 pL/well of room temperature PBS
and aspirate the PBS.

Add cell lysis buffer (50 pL/well) and incubate for 1 h at room
temperature.

Place 20 pL/well of cell lysates in an opaque flat bottom
96-well plate and add luciferase assay kit solution (30-50 pL/
well).

Measure luminescence intensity with a luminescence micro-
plate reader.

Analyze and normalize the luminescence intensity to deter-
mine the gene silencing effect (see Note 18).

4 Notes

. To apply these procedures to other cationic block copolymers

or homopolymers, start by calculating the MW of the polymers
and counting the number of protonatable amines at a neutral
pH. Carefully consider experimental data based on micelle
size, PDI, SLI, and encapsulation of SiRNA. The readers also
may refer to Note 8 to apply these procedures to other func-
tional polymers.

. Cy5-labeled SiRNA (a 633 nm He-Ne laser), Alexa 647-labeled

SiRNA (a 633 nm He-Ne laser), and Alexa 546-labeled SIRNA
(a 543 nm He-Ne laser) can also be used with appropriate
emission filters. The D of Atto655-maleimide is applied to cal-
culate the D of PICm (SiRNA) containing Cy5-labeled SiIRNA
or Alexa 647-labeled SiRNA [20].
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3.

10.

Protonation of newly synthesized cationic polymers with HCI
is important because complete encapsulation of SIRNA can be
obtained at the calculated stoichiometric amount of the poly-
mers and SiRNA. Dialysis of the polymer against acetic acid
produces protonated amine, bearing acetate (CH;COO") as a
counter-ion. However, the resulting polymer needs less/more
amount of polymers to obtain neutral N/P ratio than calcu-
lated. It is assumed that (1) the amount of acetate is not fully
counted in the MW calculation of the polymer, and (2) acetate
may prohibit self-assembly between the polymer and SiRNA.

. Use at least two times the amount of dialysis tubing because the

volume of polymer solution will increase during dialysis from
osmosis. For example, use at least 60 mL of dialysis tubing for
30 mL polymer solution. When the polymer is dissolved in
organic solvents (DMSO, ethanol, or methanol), at least three
times extra volume of dialysis tubing is recommended.

. Remove excess hydrogen chloride completely. When large

amounts of polymers are dialyzed, it is recommended that the
polymer solution should be dialyzed for longer periods or
additional exchanges with fresh ultrapure water should be
performed.

. Polymer solutions with higher concentrations may be neces-

sary to prepare PICm (SiRNA) with a concentration of more
than 5 pM SiRNA, if required.

. Protonation degree of amino groups in polycation can be

determined by a potentiometric titration [19, 21].

. Polymers can be dissolved in a solution of organic solvent and

10 mM Hepes buffer (pH 7.3) (1:1 v/v ratio). Common
organic solvents are methanol, ethanol, dimethylsulfoxide,
N, N-dimethylformamide, and N-methylpyrrolidone. Organic
solvents can be removed by dialysis after micelle formation is
complete.

. When PICm(SiRNA) needs to be further stabilized by disul-

fide crosslinking, check the physicochemical characteristics
(size, PDI, and SLI) at this point and go to the next stabilizing
procedure. For example, the micelle solution may need to be
transferred to a dialysis tube and dialyzed against the proper
buffer for days to obtain disulfide cross-linked micelles [8].

When the derived count rate of ultrapure water is over 100 kcps
or the glass window in a low-volume quartz cuvette is dirty, fill
cuvette with 0.1 M sodium hydroxide solution and incubate it
overnight. Wear gloves and carefully pipet the solution 10-20
times. Remove the 0.1 M sodium hydroxide solution and wash
the cuvette with excess ultrapure water. Check SLI with no
attenuator mode.
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12.

13.

14.

15.

16.

17.

18.
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Find N/P ratios where the sizes of PICm(SiRNA) are below
100 nm “AND?” PDI values are less than 0.1, simultaneously.
Confirm that the SLI has a peak around a neutral
N/P. PEG-PAsp(TEP)-Chol has neutral N/P=2 because two
of four primary/secondary amines in PAsp(TEP) side chains
are protonated at pH=7.3 [19, 21]. Choose an N /P ratio of
PICm(SiRNA) higher than the neutral N/P ratio. For exam-
ple, the suitable N/P ratios of PEG-PAsp(TEP)-Chol
PICm(SiRNA) are 2-3.5 from Fig. 3. PICm (SiRNA) pre-
pared at an extremely high N /P ratio may have a “free polymer
effect”; free polymers (not bound to micelles) are likely to
affect cultured cells. Homo cationic polymers without PEG
segments may form aggregates of micrometer sizes at neutral
N/P ratios.

It is recommended to compare SLI of the same concentration
of free polymer in the absence of SiRNA with that of micelles
at a designated N/P ratio. The samples can be prepared by
adding the same volume of 10 mM Hepes buffer instead of
SiRNA in Table 3. This can provide evidence that the polymers
associate with SIRNA to assemble into higher molecular weight
structures.

Remove air bubbles in wells of 20 % TBE polyacrylamide gels
using a gel-loading tip on a pipet before loading samples.

It is recommended to prepare fresh 1x SYBR Green II each
day it is used.

Confirm that the free SiIRNA band disappears at the N /P ratios
selected in DLS/SLS experiments. Generally, the free SIRNA
band disappears at neutral or higher N /P ratios. Smear bands at
higher molecular weight positions are observed as higher molec-
ular weight structures between the polymers and SiRNAs.

For real-time PCR or flow cytometry analysis, plate the cells
at 1x10° cells/well in 6-well culture plates. Add fresh pre-
warmed growth DMEM (1.9 mL/well) and micelles
(100 pL/well).

We prefer sequentially adding growth DMEM and micelles to
the cells because the micelles begin to degrade as soon as
they are added to growth DMEM. Avoid preparing a com-
bined growth DMEM and micelle solution, then adding it to
the cells.

Luciferase gene silencing of PICm (siLuc) should be compared
with that of PICm (siScr). Luminescence intensities in cells
treated with both PICm (siLuc) and PICm (siScr) are further
normalized with those in cells treated with growth DMEM,
which confirms there are no adverse side effects (or off-target
effects) derived from the delivery carrier.
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Chapter 10

Delivery of Small Interfering RNAs to Gells via Exosomes

Jessica Wahlgren, Luisa Statello, Gabriel Skogberg,
Esbjorn Telemo, and Hadi Valadi

Abstract

Exosomes are small membrane bound vesicles between 30 and 100 nm in diameter of endocytic origin that
are secreted into the extracellular environment by many different cell types. Exosomes play a role in
intercellular communication by transferring proteins, lipids, and RNAs to recipient cells.

Exosomes from human cells could be used as vectors to provide cells with therapeutic RNAs. Here we
describe how exogenous small interfering RNAs may successfully be introduced into various kinds of
human exosomes using electroporation and subsequently delivered to recipient cells. Methods used to
confirm the presence of siRNA inside exosomes and cells are presented, such as flow cytometry, confocal
microscopy, and Northern blot.

Key words Exosomes, Extracellular vesicles, Electroporation, siRNA delivery, Plasma exosomes,
Exosome delivery, Exosome uptake, Post-transcriptional gene silencing

1 Introduction

Exosomes are nano-sized vesicles, 30-100 nm in size produced by
various cell types including dendritic cells [1], B cells [2], T cells
[3, 4], mast cells [5], epithelial cells [6], and various tumor cells
[7]. These vesicles have been found in different tissues and body
fluids such as peripheral blood [8], thymus [9], urine [10], malig-
nant effusions [11], and bronchoalveolar lavage fluid [12]. It has
been shown that exosomes are involved in signal transduction,
including antigen presentation to T-cells [13], tolerance develop-
ment [6], and transfer of RNA [14].

In 2007, Valadi et al. discovered that exosomes contain a sub-
stantial amount of RNA [14]. They concluded that exosomal RNA
mainly consists of mRNA and microRNA but contains a very low
(or no) amount of rRNA. Moreover, Valadi et al. demonstrated
that exosomes were capable of transporting different RNA species
in a selective way to a number of target cells. These findings opened
up a new research field of how cells communicate [14].

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_10, © Springer Science+Business Media New York 2016
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We have succeeded to transfect exogenous small interfering
RNA (siRNA) into various human cell types, e.g., monocytes and
lymphocytes. Moreover, we have shown that exosomes are capable
of delivering siRNA to recipient cells causing selective gene silenc-
ing [15]. Since exosomes are capable of shuttling RNAs between
cells, we hypothesized that these vesicles could be used as vectors
in gene therapy to provide cells with therapeutic nucleic acids
e.g., therapeutic siRNA. However, to use exosomes as vectors, the
siRNA must be introduced into these vesicles. Thus, in this study,
the aim was to develop a method for introducing foreign nucleic
acids i.e., siRNA into the exosomes. Subsequently, these vesicles
containing the exogenous siRNA would be used as vectors to
transport the foreign nucleic acids to the target cells. In order for
the exosomes to act as vectors in gene therapy, the therapeutic
genetic material needs to be introduced into the exosomes. Since
siRNA inhibits translation of mRNA and is of a similar size as
microRNA, the most common RNA found in exosomes, it was a
suitable synthetic nucleic acid for this application. Electroporation
and chemical transfection were used to insert double stranded siR-
NAs into exosomes, which were isolated from human immortal-
ized cell lines and plasma. Specifically, plasma exosomes from
healthy blood donors, a lung cancer cell line, and Hela cells were
used. The identification of exosomes was confirmed by a size deter-
mination device measuring particle’s size between 1 and 1000 nm
in diameter and by flow cytometry detecting CD9, CD63, and
CD8 proteins, which are known to be present in many exosome
types. Taken together, these experiments showed that the isolated
vesicles were exosomes and they were used in subsequent transfec-
tion and electroporation experiments.

First, we used chemical transfection where the siRNA was
embedded in lipid micelles and incubated with the exosomes.
The results produced false positives, since it was not possible to
determine whether the exosomes or the micelles delivered exog-
enous siRNA to the target cells. Next, we examined electropora-
tion for introducing siRNA into the exosomes. Isolated exosomes
were mixed with siRNA molecules and exposed to an electric field
pulse. To find the optimal settings for electroporation, concentra-
tions of siRNA and exosomes, voltage and capacitance values
were varied. Flow cytometry and confocal microscopy confirmed
the presence of siRNA inside the exosomes using fluorescently
tagged siRNA. Furthermore, siRNA designed to inhibit MAPK-1
enabled antibody detection of a decrease of MAPK-1 protein
with Western blot, and sequence specific detection with Northern
blot, showing that the heterologous siRNA resided inside the
exosomes and that the siRNA was functional. Hence, we could
conclude that electroporation was a successful method for intro-
ducing siRNAs into exosomes.
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The next step was to investigate (a) if the transfected exosomes
could deliver the siRNA to the target cells and (b) if the siRNA was
functional in the recipient cells by causing a selective gene silencing.
Initially, a fluorescently labeled siRNA was introduced into human
plasma exosomes using electroporation. Subsequently, these exo-
somes were used as vectors to deliver the heterologous siRINAs to
target cells. Monocytes and lymphocytes isolated from peripheral
blood mononuclear cells (PBMC) were used as recipient cells.
Taken together flow cytometry, confocal microscopy, and Northern
blot showed that plasma exosomes seemed to be capable of deliver-
ing siRNA to recipient cells.

Since the delivery of heterologous siRNA to cells was successtul,
the ability of siRNA to cause post-transcriptional gene silencing in
cells was investigated using exosomes as vectors. Herein, the func-
tionality of MAPK-1 siRNAs delivered to cells via exosomes was
investigated using Western blot. Subsequent measurements showed
that the exosome-delivered siRNA caused selective gene silencing in
recipient cells. Hence, we showed that the MAPK-1 protein was
downregulated in recipient cells co-cultured with electroporated
exosomes. Furthermore, we investigated the kinetics of exosome-
delivery of siRNA to monocytes and lymphocytes. The results
showed that high concentrations of electroporated exosomes could
more effectively downregulate the expression of MAPK-1 in both
lymphocytes and more prominently in monocytes, which may be
due to the phagocytic capabilities of monocytes.

Our results showed for the first time that exosomes from
human tissue can be used as vectors to deliver exogenous nucleic
acids, i.e., siRNA to cells from human blood and this may have vast
potentials in clinical applications, e.g., gene therapy. This notion is
further supported by a recent paper where they show targeted
delivery of siRNA using exosomes in a mouse model [16]. The
method of gene therapy is still lacking an efficient vector with mini-
mal immunogenic concerns. Here, we show that human exosomes
that carry heterologous siRNAs could potentially be used as autol-
ogous vectors for delivery of therapeutic genetic material to vari-
ous cells and tissues in the body. Thus, autologous exosomes may
be safe non-immunogenic vectors in gene therapy.

2 Materials

2.1 Isolation
of Exosomes

1. Cell line: HTB-177 lung cancer cell line.

2. Cell culture medium: RPMI1640 for HTB-177, supplemented
with 2 mMr-glutamine, 100 pg/ml streptomycin/streptavidin,
and 10 % exosome depleted FBS. 175 cm? cell culture flasks.

3. Buffy coat (blood treated with anticoagulants) from healthy
donors.
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2.2 Characterization
of Exosomes Using
Flow Cytometry

2.3 Characterization
of Exosomes Using
Size Determination

2.4 Electroporation
of Exosomes

4.

50 ml tubes, centrifuge with rotor for 50 ml tubes, 50 ml
syringe needle, 2.1 x 80 mm, scissors and 0.2 pm filters.

. Ultracentrifuge tubes (25x 89 mm).

6. Dulbecco’s PBS.

. Ultracentrifuge, e.g., Beckman OptimalLE-80K or Optima™

L-100 and Rotor 70 Ti.

. 4 pm sized aldehyde /sulfate latex beads (4 % w/v).
. Dilution of beads: Take 5 pl latex beads from stock (40 pg/ul)

and dilute to 250 pl with PBS to prepare a working solution.
Take 100 pl from working solution and dilute with 900 pl PBS
(final bead concentration 0.2 pg/pl). Take 50 pl of the dilu-
tion/sample (5 pg beads/sample).

. Antibody coated aldehyde /sulfate latex beads: Add 25 pl latex

beads from stock to a 1.5 ml tube. Add 100 pl MES buffer.
Centrifuge at 4000 x g for 15 min. Dissolve the pellet in 100 pl
MES bufter. Centrifuge at 4000 x g for 20 min. Dissolve the
pellet thoroughly in 100 pl MES bufter. Mix 12.5 pg antibody
with 25 pl MES buffer. Add the beads to the antibody solu-
tion. Incubate overnight with gentle agitation at room tem-
perature. Centrifuge at 4000xg for 20 min. Remove
supernatant, dissolve the pellet in 100 pl PBS and centrifuge as
before. Repeat this step twice. Dissolve the beads in 100 pl
PBS storage buffer. Store the beads at 4 °C.

. MES buffer pH 6.0 (250 ml): 1.33 g MES (2-[ N-Morpholino ]

ethanesulfonic acid), 50 ml dH,O. Dissolve by stirring at
50 °C. Add 31 ml NaOH. Add 169 ml dH,O when the mix-
ture has reached room temperature.

. PBS storage buffer pH 7.2 (1 L): 1 g glycine, 1 g sodium azide

and dissolve in 1 L Dulbecco’s PBS.

.1 M Glycine (10 ml): Dissolve 0.7507 g glycine

(H,NCH,COOH; formula weight=75. 07 g/mole) in
Dulbecco’s PBS.

. Antibodies against exosomal proteins: e.g., CD9, CD63, and

CD8I.

. A Brunel microscope equipped with a 20 times objective and a

Marlin camera. A NanoSight LM10 and a computer with
nanoparticle tracking analysis (NTA) software.

2. 1 ml disposable syringes.

. Exosomes isolated as in Subheading 3.1.

4. Dulbecco’s PBS.

. UV-irradiated cuvettes for electroporation.

. Electroporation device (Gene pulser II system).
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. Exosomes isolated as in Subheading 3.1.

. Small interfering RNA (siRNA) against sequence of interest

for mRNA silencing. We used siRNA against mitogen-acti-
vated protein (MAPK). For detection with flow cytometry and
confocal microscopy we used fluorescently tagged siRNA and
for Western blot we used siRNA without a fluorescent tag.

. CytoMix transfection buffer: 120 mM KCl, 0.15 mM CaCl,,

10 mM K,HPO,/KH,PO,, pH 7.6, 25 mM HEPES, pH 7.6,
2 mM EGTA, pH 7.6, and 5 mM MgCl, (pH adjusted with
potassium hydroxide) [17].

. Buffy coat, i.e., blood treated with anti-coagulants for enabling

density centrifugation, from healthy donors.

. Lymphoprep (Axis-Shield Poc AS) or other density gradient

buffers able to separate peripheral blood mononuclear cells
(PBMC).

. MACS buffer: Dulbecco’s PBS without Ca?* and Mg*, 0.5 %

FBS, and 2 mM EDTA.

. 10x Ammonium chloride buffer pH 7.3 for lysing red blood

cells (1 L): 82.6 g ammonium chloride (NH4CI), 10 g potas-
sium hydrogen carbonate (KHCO;), and 0.336 g EDTA
Na-salt (Titriplex IIT). Dissolve in dH,O.

. Cell separation equipments including magnetic beads coated

with antibodies against CD14, separation columns and separa-
tion magnet, e.g., CD14 microbeads, LS column and
MidiMACS magnet (Miltenyi Biotec).

. Cell counting equipment, e.g., Sysmex K21-N cell counter.

. Cell culture plates of suitable size for your application.

2. Phorbol-myristate-acetate (PMA).

NN

N O gt W

. Exosomes electroporated with siRNA of interest. Non-

electroporated exosomes for use as negative control sample.

. Incubator at 37 °C with 5 % CO, atmosphere.

. TRIzol reagent.

. Chloroform.

. Glycogen.

. Isopropanol.

. 75 % ethanol kept at 4 °C.

. Vacuum device for aspiration.

. RNase-free water.
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2.9 Northern Blot
for Detection of siRNA
in Exosomes and Cells

10.

11.

12.
13.

14.

15.
16.

1. Filter papers for blotting.

2. Nylon hybridization transfer membrane (Hybond-N+).

3.

4. Digoxigenin labeled RNA-probe designed to be complemen-

Slot blot device (e.g., Bio-Dot SF, Bio-Rad).

tary to the siRNA used.

. Denhardt’s solution 100x (100 ml): 2 g Ficoll 400, 2 g

polyvinylpyrrolidone, 2 g bovine serum albumin (BSA) frac-
tion V, add dH,O up to 100 ml. Filter and store at -20 °C in
10 ml tubes.

. 10x NBC butffer (1 L): 0.5 M Boric acid, 10 mM Na;-citrate,

50 mM NaOH. Add 0.1 % diethylpyrocarbonate (DEPC).
Incubate overnight and autoclave the day after.

. 20x SSC (Sodium chloride/sodium citrate) 1 L: 3 M NaCl

(175 g/L), 0.3 M Na;-citrate (dihydrate) (88 g/L) in 800 ml
dH,O. Adjust pH to 7.0 with 1 M HCI and adjust volume to
1 L with dH,O finally autoclave to sterilize.

. Phosphate buffer: 0.5 M sodium phosphate, pH 6.5.
. Pre-hybridization buffer (20 ml): Freshly made each time:

5 ml 20x SSC, 0.4 ml phosphate buffer, 2 ml 100x Denhardt’s
solution, 0.6 ml denatured salmon sperm DNA (3 mg/ml)
(see Note 1), 8 ml dH,O and 4 ml 10 % sodium dodecyl sulfate
(SDS). Add SDS just before use.

Hybridization solution (20 ml): Freshly made each time: 5 ml
20x SSC, 0.4 ml phosphate buffer, 2 ml 100x Denhardt’s
solution, 0.6 ml denatured salmon sperm DNA (3 mg/ml),
4 ml dH,0, 4 ml polyethylene glycol (PEG) 4000, 4 ml SDS
(10 %). Add SDS just before use.

Hybridization temperature: A good hybridization is achieved
with a temperature of about 5 °C below melting temperature
(Tm) for the oligonucleotide used. Tm is calculated as follow-
ing: Tm=4(G+C)+2(A+T).

Detection Kit for Dig-marked probes (Roche Applied Science).

Maleic acid buffer: 0.1 M Maleic acid, 0.15 M NaCl. Adjust
pH to 7.5 with NaOH.

Washing buffer: Add 0.3 % (v/v) Tween 20 to Maleic acid
buffer.

Detection buffer: 0.1 M Tris—-HCI, 0.1 M NaCl, pH 9.5.

Blocking reagent: Dissolve Blocking reagent (bottle 5 in the
detection kit for Dig-marked probes in step 12) in Maleic acid
buffer to a final concentration of 10 % (w/v). Use shaking and
heating either on a heating block or in a microwave oven.
Autoclave the solution.
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18.

19.
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Blocking solution: Prepare a 1x working solution by diluting
blocking reagent 10x in Maleic acid buffer.

Antibody solution: Centrifuge the antibody for 5 min at
9300 x gin the original vial prior to each use. Pipette the neces-
sary amount carefully from the top of the supernatant. Dilute
anti-digoxigenin conjugated to alkaline phosphatase 1:5000
(150 mU/ml) in blocking solution.

Color substrate solution: Add 200 pl of the nitro blue
tetrazolium/5-Bromo-4-chloro-3-indolyl phosphate (NBT/
BCIP) stock solution (vial 4 in the detection kit for Dig-
marked probes in step 12) to 10 ml of Detection buffer.

. TRIzol reagent.
. Milder protein extraction buffer, e.g., ProteoJet lysis buffer

from Fermentas.

. Ethanol 95-100 %.

. Table top centrifuge.

. 0.3 M guanidine hydrochloride.

. Urea solution: 4 M urea, 0.5 % SDS, 1 M Tris-HCI pH 4.8,

pipette and vortex.

7. Water-bath sonicator.

o

. Extraction buffer: 50 mM 0.1 M Tris-HCIL, pH 7.5, 0.1 % SDS.

. Slot/dot blot device, e.g., Bio-Dot from Bio-Rad.
. Filter papers and polyvinylidene difluoride (PVDEF)

membranes.

. Tris-buffered saline buffer (TBS-T): 50 mM Tris-HCI pH 8,

150 mM NaCl, and 0.05 % Tween 20.

. 10x transfer buffer stock: 30.3 g Tris base, 144.1 g glycine,

H,O0 1 L. 1x transfer buffer: 100 ml 10x stock, 500 ml H,O,
200 ml methanol or 100 % ethanol, H,O 1 L. Store at 4 °C

. Exosomes electroporated with siRNA tagged with a fluorochrome.

2. Diluted latex beads from Subheading 3.2, step 2.

. Membrane staining reagent, e.g., CellMask Deep Red Plasma

Membrane stain from Invitrogen.

4. Nucleus staining reagent, e¢.g., Hoechst 33342 or DAPI.

. Mounting medium for fluorescence, e.g., Prolong Gold.

. Confocal laser scanning microscopy, ¢.g., LSM 700 from Carl Zeiss.

. Dulbecco’s PBS with 1 % FBS.

. Beriglobin or other immunoglobulin for blocking.
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3.

Fluorescently tagged antibodies to identify the cells of choice.

4. Viability marker for flow cytometry.

5.

Flow cytometer.

3 Methods

3.1 Isolation
of Exosomes

There are several methods for isolating exosomes. However, there
are still no isolation methods that can guarantee total purity of the
yielded vesicles. Exosomes are usually isolated from body fluids
and cell culture supernatant by the use of differential centrifuga-
tion. The isolation of vesicles of endosomal origin we refer to as
exosomes has been performed with differential centrifugation in
three steps both from cells grown to confluence in culture medium
and from plasma diluted 1:1 (see Note 2).

1.

For exosome isolation from cell lines, grow cells in culture
medium suitable for the cell type of interest supplemented
with 10 % fetal bovine serum (FBS) and 100 mg/ml strepto-
mycin/ penicillin. The FBS should be depleted from exosomes,
to avoid the presence of any exosomes in the medium other
than those produced by the cells (see Note 3). Transfer (pour
to save time and plastics) the supernatant from cells cultured in
175 cm? bottles yielding 40 ml supernatant to 50 ml tubes
(Fig. 1, step 1a).

. For exosome isolation from plasma, add one buffy coat bag of

about 40 ml to a 50 ml tube. Centrifuge at 900 x4 at room
temperature for 20 min with no breaks, i.e., zero deceleration.
Remove the plasma (the upper phase) and avoid touching the
cell phase (lower white/red). Transfer the plasma to a 50 ml
tube and isolate exosomes as for cells from step 8 below dilut-
ing the plasma 1:1 with PBS in the ultracentrifuge tubes
(Fig. 1, step 1b).

. Centrifuge at 300400 x4 for 10 min at 4 °C to collect viable

cells. If you do not need viable cell pellet or isolated exosomes
from plasma, centrifuge at 3000 x 4 for 15 min to remove cells
(Fig. 1, step 2).

. Transfer the supernatant to ultracentrifuge tubes with a syringe

and needle. Fill up the tube with PBS if not enough superna-
tant to fill up the last tube (see Fig. 1, step 3 and Note 4).

. Centrifuge at 16,500x g for 30 min at 4 °C to remove cell

compartments and organelles (see Fig. 1, step 4 and Note 5).

. Harvest the supernatant (avoid the pellet) with syringe and

needle. Remove the needle and attach it to a 0.2 pm filter. Put
the needle /filter assembly back on the syringe and transfer the
supernatant to new ultracentrifuge tubes. Fill all the way up
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Fig. 1 Exosome isolation workflow. Transfer cell culture medium (step 1a) or plasma after centrifugation of
buffy coat (step 1b) to a 50 ml tube. Pellet the cell debris at 3000 rpm, 15’ at 4 °C and transfer to an ultracen-
trifuge tube, centrifuge at 16,500 x g, for 30 min at 4 °C and collect the supernatant being careful not to detach
the pellet containing cell organelles and cell compartments. Transfer the supernatant in a new ultracentrifuge
tube using a 0.2 um filter and pellet the exosomes at 120,000 x g, 70’ at 4 °C; cut the sealed top of the tube
and remove part of the supernatant with a syringe, then cut the tube in half and pour the rest of the superna-
tant. Let air-dry the exosome pellet and resuspend with PBS; store the resuspended exosome sample at
—80 °C or use directly for the application of interest

and avoid bubble formation, fill up with PBS if necessary
(see Fig. 1, step 5 and Note 6).

7. Melt and fuse the top of the tubes with a tube topper/heating
block and metal cap on the tube tip. Be careful not to break off
the tip of the tube. Put the tubes on ice.

8. Pellet the exosomes by ultracentrifugation at 120,000 x g for
70 min at 4 °C. Keep the tubes on ice (see Fig. 1, step 6 and
Note 7).

9. Cut the sealed top of the ultracentrifuge tubes. Remove three
thirds of the supernatant with a syringe and needle (see Fig. 1,
step 7).
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10.

11.

12.

Cut the tubes in half'with a pair of scissors and pour off the rest
of the supernatant from the bottom part of the tube (see Fig. 1,
step 8).

Turn the bottom part of the tubes upside down on a tissue and
let them air-dry for a couple of minutes.

Dissolve the exosome pellet in PBS (see Fig. 1, step 9 and
Note 8).

13. Store the exosomes in a -80 °C freezer if not used directly.
3.2 Characterization = Exosomes are too small to be reliably analyzed directly by flow
of Exosomes Using cytometry. A standard approach is to bind the exosomes to latex
Flow Cytometry beads of a size within the detection range of a flow cytometer (usu-

ally starting from 0.5 pm). The exosomes can then be labeled with
fluorescent antibodies and analyzed with flow cytometry.

1.

Prepare exosome samples and use an excess of exosomes, if pos-
sible, to achieve an effective coating of the beads (se¢ Note 9).

2. Add 5 pg beads/sample from diluted beads.

3.3 Characterization 1.

of Exosomes Using

Size Determination 2
3

. Incubate at 37 °C for 30 min and then overnight at 4 °C or 3 h

at room temperature on a rotator or shaker.

. Centrifuge at 4000 x g for 10 min (check the pellet and if'it is

not visible you might need to centrifuge again). Resuspend the
pellet in 100 pl PBS.

. Alternatively, exosomes may be adhered to beads coated with

antibodies against exosome marker proteinasin Subheading 2.2,
item 1.

. Add 20 pl of 1 M glycine (to get a final concentration of

100 mM) and incubate for 30 min at room temperature.

. Fill up and wash in PBS with 0.1-1 % FBS staining bufter as in

step 11 and resuspend in 80 pl of PBS/FBS staining buffer.

. Add 20 pl antibody or isotype of BDs pre-diluted antibody to

each sample (see Note 10).

. Incubate for 30-60 min at 4 °C.
10.
11.

Fill up and wash with PBS /FBS bulffer.

Resuspend in 200 pl PBS/FBS. Analyze with flow cytometry
(see Note 11).

Dilute exosome sample in PBS to reach a proximal concentra-
tion of 2-10 x 10® exosomes/ml (see Note 12).

. Inject sample into NanoSight LMI10 instrument using the

syringe, in order to fill the instrument chamber a minimum
required volume of 0.3 ml. Locate zero position with its
thumbprint pattern next to the laser line.

. Focus the sample, choose settings (minimum expected particle

size, detection threshold, blur, extract background and mini-
mum track length) and start the measurement [18].
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. Prepare electroporation cuvettes (we use 0.4 cm cuvettes) by

radiating them with UV-light for 1 min and put them on ice
(dirty cuvettes are put in 70 % ethanol for later rinsing in dH,O).

2. Mark sample tubes.

. When isolating exosomes for electroporation, it is better to

resuspend the exosome pellet in CytoMix buffer. After resus-
pending the exosome pellet, read the exosome concentra-
tion and dilute in CytoMix buffer to get a 0.25-1 pg/pl
concentration.

. Add 90 pl exosomes per sample and 10 pl of siRNA with a final

concentration of 2 pmole/ml. Keep the sample tubes on ice at
all times (see Fig. 2).

. Transfer the samples to ice cold electroporation cuvettes.

6. Electroporate the samples. Use Bio-Rad electroporation device

(Gene pulser II system) and set the electroporation device to
150 V and 100 pF (see Fig. 2).

. Transfer electroporated suspensions to new tubes and proceed

to downstream applications, ¢.g., adding them to cells or bind-
ing them to latex beads (se¢ Fig. 2).

SiRNA
@,
[
g ADD DIRECTLY TO
2 pmol/ml CELL CULTURE
10 ul

Ly
ELECTROPORATED
EXOSOMES

ELECTROPORATED
EXOSOMES

Fig. 2 Electroporation of exosomes. 90 pl of exosomes (0.25—-1 pg/ul) and 10 pl of SiRNA (2 pmol/ml) are
transferred to a 0.4 cm electroporation cuvette. Samples are electroporated at 150 V and 100 uF. The electro-
porated sample can be directly added to cell culture or bound to beads for downstream applications
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3.5 Preparation
of Peripheral Blood
Mononuclear Gells
from Buffy Coat

3.6 Isolation
of Monocytes
and Lymphocytes

[a RO S NS ]

. Dilute 25 ml bufty coat with 25 ml Dulbecco’s PBS.
. Add 15 ml Lymphoprep to four 50 ml tubes.
. Carefully pipette the bufty coat on top of Lymphoprep reagent.

. Centrifuge for 20 min at 800 x g, at room temperature with no

deceleration.

. Recover peripheral blood mononuclear cells (PBMC) from the

plasma/Lymphoprep interface and transfer the cells to a new
tube.

. Wash the PBMC three times with isolation buffer by centrifu-

gation at 400 x4 for 8 min at 2-8 °C.

. Resuspend the PBMC in 20 ml isolation buffer and count

the cells.

. Wash PBMC in MACS buffer, count cells and transfer 200 x 10°

cells to a new tube.

. Centrifuge at 300 x g for 10 min at 4 °C. Remove the superna-

tant and resuspend the pellet in 10 ml 1x ammonium chloride
in a 50 ml tube.

. Incubate for 7 min at room temperature (se¢ Note 13).

4. Add MACS buffer up to 50 ml and centrifuge at 300 x g for

12.

13.

14.

10 min at 4 °C.

. Count the cells again and transfer 100 x 10° cells to a new tube.

Centrifuge as in step 4.

. Remove the supernatant and resuspend the cells in 800 pl

MACS buffer in a 10 ml tube.

. Add 200 pl CD14* beads and incubate for 15 min at 4 °C.
. Wash the mixture in 10 ml MACS buffer at 300 x g for 10 min

at 4 °C. Remove the supernatant completely.

. Resuspend the pellet in 500 pl MACS butfter and put on ice.
10.
11.

Place the MidiMACS magnet in the holding plate.

Rinse the LS-column with 3 ml MACS buffer by putting a
10 ml tube underneath and press down the MACS buffer
through the column.

Apply the cell suspension onto the column. Collect unlabeled
CD14- cells (i.e., defined as lymphocytes) into a 10 ml tube.
Just leave the suspension to go through drop by drop, do not
press down.

Wash the column three times by adding 3 ml MACS butffer and
leave it to pass through drop by drop. Only add new buffer
when the column reservoir is empty. Put the tube on ice.

Remove the column from the separator and place it on a new
10 ml tube called CD14* (monocytes). Add 5 ml MACS buffer
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onto the column. Immediately flush out the magnetically
labeled cells by firmly pushing the plunger into the column.

Count both CD14- and CD14~ cells (see Note 14).

. Seed monocytes and lymphocytes separately in 6-well or

24-well plates (see Note 15).

. Stimulate the cells with Phorbol-myristate-acetate (PMA) at a

final concentration of 1 pg/ml medium (se¢ Note 16).

. Add electroporated plasma exosome samples to corresponding

wells. Pulse the cells with non-electroporated exosomes from
plasma as a negative control.

Incubate the cells for 36 h at 37 °C with 5 % CO, (se¢ Note 17).

For RNA isolation from cells, the manufacturer’s protocol was
used for the TRIzol reagent. However, the protocol was slightly
modified for exosome isolation as described below.

1.
2.

This protocol is set for 1 ml TRIzol reagent used (see Note 18).

Lyse the exosome pellet directly with 1 ml TRIzol and keep at
room temperature for 10-15 min to allow a complete lysis
(see Note 19).

. Add 200 pl of chloroform, shake vigorously and keep at room

temperature for 2—-3 min, then centrifuge at 12,000 x g at 4 °C
for 15 min (see Note 20).

. Save the aqueous phase to a new tube, add 1-2 pl of glycogen

and vortex. Add 500 pl isopropanol, vortex and keep at room
temperature for 10 min. Precipitate the samples overnight at
-80 °C.

. Centrifuge the samples at 12,000 x g at 4 °C for 10 min; dis-

card the supernatant and add 1 ml ethanol (75 % ice cold).
Incubate for at least 20 min at -20 °C.

. Centrifuge at 8000-12,000 x g for 10 min at 4 °C. Pour off the

supernatant and aspirate the leftover drops with a vacuum
pump being careful not to aspirate the pellet, which should be
white in color because of the glycogen (see Note 21).

. Air-dry the pellet for 5-10 min and resuspend in RNase free

water (10 pl starting amount if you do not see any pellet).
Store at -80 °C.

. Clean all the parts of the Bio-Dot device. Do not use ethanol.

. Cut out a membrane and five filter papers to fit in the Bio-Dot

device.

. Pre-wet the membrane in 5x SSC buffer. Place the membrane

on top of the five filters and place the whole stack under the
sealing gasket.
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3.10 Protein
Isolation from Cells
and Exosomes

4.

10.

11.

12.

13.

For loading of the RNA into the Bio-Dot device use 20 pg
RNA in 5 pl. Mix with 2 pl 10x NBC, 3 pl formaldehyde, and
10 pl formamide. Incubate for 5 min at 65 °C to denature the
RNA. Put the sample tubes on ice.

. Load the denatured RNA into each well in the Bio-Dot device.

Add 500 pl of 2x SSC buffer into each well. Attach the Bio-
Dot device to vacuum and turn on the vacuum after each
application of sample /bufter.

. Remove the membrane and fix/crosslink the RNA to the

membrane by placing it on a UV-table and run (120,000 pJ/
cm?) during 1 min (do not exceed 1 min).

. To perform pre-hybridization, rinse a hybridization container/

flask with DEPC-H,O. Insert the RNA membrane into the
container with the RNA facing the inside. Pour 20 ml of the
pre-hybridization solution into the container.

. Incubate at hybridization temperature: for the Dig probe it

will be 65 °C; calculate the temperature for the probe
(it should be around 55-70 °C). Incubate for 2—4 h.

. To continue with the hybridization pour off the pre-

hybridization solution, add the desired amount of probe into
the hybridization solution (we use a final concentration of
2 nmole/L probe in 20 ml hybridization solution). Hybridize
overnight at hybridization temperature.

Wash the membranes in 1x SSC with 0.1 % SDS twice at room
temperature for 10 min and once at hybridization temperature
for 10 min. Let dry between filter papers.

To continue with the immunodetection of the Dig-probe after
the hybridization, rinse the membrane one time in washing
buffer. Incubate for 30 min in 100 ml blocking solution.
Incubate for 30 min in 20 ml Antibody solution. Wash twice
for 15 min with 100 ml of washing buffer. Equilibrate 2-5 min
in 20 ml Detection buffer.

Incubate the membrane in 10 ml freshly prepared Color sub-
strate solution in an appropriate container in the dark. Do not
shake during color development (see Note 22).

Stop the reaction when desired spot or band intensities are
achieved by using 50 ml of sterile H,O or TE-bufter. The
results can be documented by photocopying the wet filter or
by photography (see Note 23).

. From the exosome samples: proteins can be isolated from the

same sample after removing the remaining aqueous phase from
RNA isolation with TRIzol reagent (see Note 24). For isola-
tion from TRIzol samples add 300 pl of ethanol. Mix by inver-
sion several times. Incubate for 5 min at room temperature.
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. Centrifuge at 2000 x4 for 5 min at 4 °C to pellet DNA which

for exosomes will be very small or not visible. Transfer the
supernatant containing the proteins into a 2 ml tube by pipet-
ting (see Note 25).

. Add 1.3 ml of isopropanol mix by inverting the tube.

. Incubate 10 min at room temperature allowing a thick precipi-

tate to form.

. Centrifuge at 12,000 x4 for 10 min at 4 °C to pellet the pro-

teins. Remove the supernatant by pouring or pipetting to make
that the pellet is not moving.

. Add 1 ml of 0.3 M guanidine hydrochloride in 95 % ethanol to

the protein pellet. Incubate for 20 min at room temperature
(see Note 26). Centrifuge at 7600 x4 for 5 min at 4 °C and
remove the supernatant. Repeat this step twice (three washes
in total).

. Add 2 ml ethanol 100 % to protein pellet and vortex. Incubate

for 20 min at room temperature. Centrifuge at 7600 x4 for
5 min at 4 °C and remove the ethanol.

. Let the pellet air-dry for 5-10 min. Resuspend the pellet by

adding 100-200 pl urea solution. Put the samples in water-
bath sonicator to dissolve the pellet.

. Centrifuge at 10,000 x g for 10 min at 4 °C to sediment insol-

uble material. Transfer the supernatant containing the proteins
to a new tube.

Direct extraction from the exosome isolate is performed by
diluting the exosome pellet in 50-75 pl of extraction buffer.
Heat the mixture 90-95 °C for 5 min. Vortex the mixture
thoroughly and centrifuge at 10,000x4 for 2—4 min. Add
more extraction buffer if the lysate is too thick, centrifuge
again. Transfer the supernatant containing the proteins to a
new tube.

The protein concentration can be measured with any estab-
lished method available in your laboratory. We use the Bio-Rad
Protein Assay Kit or the Qubit protein assay from Invitrogen.

To detect exosome specific proteins in the exosome isolate and to
detect the posttranscriptional effect of the siRNA electroporated
into exosomes and taken up by recipient cells, we used Western
slot blot. Slot blot is a faster method than standard Western blot
and is applicable when separation of proteins according to size is
not needed or when the antibody is verified to be highly specific
for the target protein. Load the same amount of extracted pro-
teins (lysate) from each sample to be able to compare quantities of
the expressed protein.
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3.12 CGonfocal
Microscopy of Cells
and Exosomes

1.

10.

11

12.

13.

Clean all the parts of the Bio-Dot device with dH,0. Do not
use ethanol.

. Cut five filter papers and one PVDF membrane to fit in the

Bio-Dot device.

. Prepare sample by adding protein extraction bufter to make all

samples in the same volume.

. Prepare the membrane by incubating in 5 % ethanol for 5 s,

5 min in dH,O and 10-20 min in cold transfer buffer on a
shaker. Pre-wet the filter papers in cold transfer buffer. Put five
filter papers in the Bio-Dot device using tweezers. Put the
membrane on top of the filters.

. Put the lid on by tighten the screws cross wise. Fasten the

vacuum tubing and make sure there is no leakage. Apply vac-
uum. Load 500 pl transfer buffer in unused wells wait until all
bufter have passed through to control vacuum function.

. Load the samples according to pre-decided loading scheme.

Let all liquid pass through before turning off the vacuum.

. Fixate the membrane on UV-board for 1 min.

. For immunostaining, block the membrane in 5 % skimmed

milk/TBST for 1 h at room temperature on a shaker or over-
night at 4 °C.

. Wash the membrane for 10 min in TBST three times, at room

temperature on a shaker.

Mark the membrane with pencil and cut the lower right corner
for orientation.

. Add primary antibody in 5 % skimmed milk /TBST (sec Note 27).

Incubate for 1 h at room temperature on a shaker. Make sure
the membrane is covered. Wash as in step 8.

Add secondary antibody to 5 % skimmed milk/TBST
(see Notes 27 and 28). Wash as in step 8.

For detection of protein bands use any method available in
your laboratory (see Note 29).

. Preparing samples for detection of siRNA inside the exosomes

after electroporation: Dilute beads as in step 2 in
Subheading 3.2. Add 40 pl diluted beads/sample. Incubate for
30 min at 37 °C. Incubate at 4 °C overnight or for 2 h at room
temperature. Wash twice in 200 pl PBS and centrifuge at
4000 x g for 10 min at 4 °C. Resuspend in 200 pl PBS. Analyze
with confocal microscopy in the channel used for the fluoro-
chrome of interest. We used siRNA tagged with Alexa
Fluor-488.

. Wash harvested monocytes and lymphocytes with PBS to ana-

lyze cells from exosome delivery.
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. Immobilize the cells on a microscope slide by using Cytospin.

. Add cell membrane staining reagent, e¢.g., CellMask Deep Red

Plasma Membrane stain from Invitrogen at a final concentra-
tion of 2 pg/ml in PBS. Incubate for 3 min at 37 °C. Wash
twice in PBS.

. Add nucleus staining reagent, e.g., Hoechst 33342 at a con-

centration of 2 pg/ml.

. Mount the slides in Prolong Gold.

. Analyze samples with a confocal laser scanning microscopy,

e.g., LSM 700 from Carl Zeiss.

For flow cytometry of electroporated exosomes: add 5 pg
beads to each sample as in Subheading 3.2, item 2 and incu-
bate at 37 °C for 30 min and then at 4 °C overnight or for 3 h
at room temperature on a rotator or shaker. Analyze on a flow
cytometer in the channel where the fluorochrome attached to
the siRNA of choice can be detected (we used Alexa-flour 488
tagged siRNA but others are available).

. For flow cytometry of cells pulsed with exosomes electropor-

ated with a fluorescent siRNA, the cells need to be harvested.

. Lymphocytes are non-adherent and are collected by pipetting

to a new tube.

. Monocytes are adherent and need to be incubated with trypsin

to detach. Add trypsin directly to the well and put in 37 °C for
5 min at the time until they loosen from the plate. Resuspend
and transfer to new tube.

. Wash cells twice in PBS with 1 % FBS by resuspending and

centrifuging at 300 x4 for 5 min at 4 °C.

. Fc-block for 15 min at room temperature with Beriglobin at

1 mg/ml (see Note 30).

7. Stain cells with cell type specific surface antibodies (se¢ Note 31).

10.

. Incubate for 20-30 min at 4 °C protected from light. Wash as

in step 5.

. Stain with viability marker of choice (e.g., Live /dead fixable

violet dead cell stain kit from Invitrogen).

Wash as in step 5 and analyze on a flow cytometer.

4 Notes

. Denature DNA /RNA by heating in 100 °C during 5 min and

then quickly cool the sample on ice and keep it on ice.

. To get a high yield of exosomes we culture cells in 175 cm?

flasks.
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3.

9.

10.

11.

To deplete the FBS from exosomes thaw 500 ml bottle of FBS
at room temperature or at 37 °C. Heat-inactivate the FBS in
water bath at 56 °C for 1 h. Transfer the FBS with syringe and
needle to polyallomer tubes. Fill all the way up and avoid bub-
bles (do not fill up with PBS here since you do not want the
EBS to be diluted). Melt and fuse the top of the tubes with a
tube topper or heating block and metal cap, be sure not to
break off the top. Put on ice. Centrifuge at 120,000 x4 for
90 min at 4 °C. Put on ice. Cut the top of the tubes. Sterile
filter the supernatant with a syringe and needle and 0.2 pm
filters to 50 ml tubes. Fill up to 50 ml in each tube. Put in
-20 °C freezer for storage.

. Only fill up to the top “line” visible in the upper part of the

polyallomer tube, in this way there is no need to seal the tube
(see Fig. 1.).

. Do not forget to cap the empty spaces in the rotor as well and

make sure the O-ring is in place on the lid. Circle the pellet
with marker pen and put on ice. The pellet can be invisible or
transparent when isolating exosomes from plasma. For cul-
tured cells the exosome pellet usually has some color remain-
ing from the culture medium.

. In this way vesicles and aggregates larger than 200 nm will be

removed.

. At this point it might be useful to circle the exosome pellet

with a pen to highlight it for the resuspension step.

. Add 200-300 pl PBS. We have used 150 pl PBS as a starting

point (1x dilution) then we just added more depending on
how much starting material and the size of the pellet. Take first
150 pl and dissolve the pellet of one tube, take it up and put in
the next tube etc. Transfer to 1.5 ml tube and repeat the
procedure one more time to get any remaining exosomes. If
there are a lot of bubbles when resuspending it helps to spin
down in the 1.5 ml tube to make room. Add TRIzol directly
to the pellet for RNA isolation.

We use an exosome concentration of 0.6 pg,/pl in 200 pl PBS
for adhesion to beads.

We use the recommended volume of pre-diluted antibody
from BD biosciences using 20 pl of antibody solution in 90 pl
PBS, which lies in the range of 6 pg/ml to 50 pg/ml per sam-
ple. For this application titration of antibody is not crucial
since it is not a quantitative measurement.

We use a FACSCantoll flow cytometer from BD. We routinely
check the presence of three different tetraspanins when charac-
terizing exosomes from a new cell type. We prepare one sample
for each tetraspanin and use antibodies pre-conjugated to the
same fluorochrome enabling the use the same isotype control
tor all samples (assuming the IgG is correct).
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If using the NanoSight with no previous knowledge or experi-
ence of particle concentration in your sample, it is advisable to
start with a low volume and dilute further with PBS if needed
after achieving a concentration from the NanoSight. Just draw
your sample out of the chamber with the syringe and dilute
turther and finally inject the diluted sample into the chamber
for reanalysis.

Do not incubate longer time since it will cause lysis of the
other cells. Use a timer.

Expected yield of monocytes is 10-30 % of total PBMC but it
varies between donors.

We seed at a density of 3x10° cells/well in 3 ml in 6-well
plates and of 0.5x10° cells/well in 0.5 ml in 24 well plates.

Leave the cells to settle for some hours. In the meantime
prepare and electroporate the exosomes as described in
Subheadings 4.1 and 4.3.

We could also see delivery and effect at 24, 48 and 72 h. 36 h
was used to detect post-transcriptional gene silencing and 24 h
was used to detect delivery of siRNA to cells.

The amount of TRIzol is decided based on the size of the exo-
some pellet. Generally 1 ml TRIzol is good unless you do not
really see the exosome pellet then 500 pl is sufficient or even
250 pl. If decreasing the amount of TRIzol you have to scale
down all the other reagents in the following steps.

Electroporated exosomes should be isolated by binding to latex
beads as in Subheading 3.2 but incubated for 1 h at room tem-
perature before washing twice in PBS. TRIzol should be added
directly to bead /exosome pellet. For adherent cells add TRIzol
directly to culture wells after removing the supernatant.

At this point it can happen that after centrifugation the aque-
ous phase is not visible, and instead there is a thick white fatty
phase indicating that more TRIzol needs to be added. An exo-
some pellet is mainly rich in membranes and this can cause the
release of a high amount of fat, in this case add more TRIzol,
shake and vortex and repeat step 2. After this step, the pheno-
lic phase may be used for exosomal protein extraction.

Be careful at this step since the pellet is generally small and it
detaches easily, you might need to recentrifuge. Alternatively,
aspirate by capillarity instead of using the vacuum pump, this way
you will be sure the pellet will not be aspirated accidentally.

The color precipitate starts to form within a few minutes and
the reaction is usually complete after 16 h. The membrane can
be exposed to light for short time periods to monitor color
development.
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Chapter 11

Dendrimer Nanovectors for SIRNA Delivery

Xiaoxuan Liu and Ling Peng

Abstract

Small interfering RNA (SiRNA) delivery remains a major challenge in RNAi-based therapy. Dendrimers
are emerging as appealing nonviral vectors for SIRNA delivery thanks to their well-defined architecture and
their unique cooperativity and multivalency confined within a nanostructure. We have recently demon-
strated that structurally flexible poly(amidoamine) (PAMAM) dendrimers are safe and effective nanovec-
tors for SiRNA delivery in various disease models in vitro and in vivo. The present chapter showcases these
dendrimers can package different SIRNA molecules into stable and nanosized particles, which protect
SiRNA from degradation and promote cellular uptake of SiRNA, resulting in potent gene silencing at both
mRNA and protein level in the prostate cancer cell model. Our results demonstrate this set of flexible
PAMAM dendrimers are indeed safe and effective nonviral vectors for SIRNA delivery and hold great
promise for further applications in functional genomics and RNAi-based therapies.

Key words Dendrimer, Nonviral vectors, RNA interference, SIRNA delivery

1 Introduction

Since the discovery of RNA interference (RNAi), small interfering
RNA (SiRNA) is emerging as a novel therapeutics for treating
diverse diseases ranging from viral infections to hereditary disor-
ders and cancers [1, 2]. However, SiRNA is highly negatively
charged and hydrophilic, hence not ready to cross cell membranes
and enter into cells. In addition, naked SiRNA is rapidly degraded
by various enzymes circulating in the bloodstream. Consequently,
safe and efficient delivery, which can prevent SiRNA degradation
and bring SiRNA to the site of interest, is the key issue to realize
the clinical implementation of RNAI therapeutics [ 3, 4].

Both viral and nonviral vectors have been applied for SIRNA
delivery [3, 5]. Although viral vectors are very effective, the
increasing concerns over their safety and the high cost relating to
their complicated manipulation substantiate the need to develop
alternative nonviral vectors. Comparing to viral vectors, nonviral
vectors bear the advantages of being noninfectious and eliciting

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_11, © Springer Science+Business Media New York 2016

127



128 Xiaoxuan Liu and Ling Peng

NH, HN

Fig. 1 Structurally flexible triethanolamine (TEA) core poly(amidoamine) (PAMAM) dendrimer of generation 3
(Gs). Adapted with permission from Mol. Pharmaceutics 2012; 9: 470-481. Copyright 2012 American

Chemical Society

no or only weak immune responses alongside their convenient
preparation and use.

Among various nonviral vectors developed for SiRNA delivery
in the past years, dendrimers, a special type of synthetic macromol-
ecules [6], are emerging as ideal nonviral vectors for SiRNA
delivery by virtue of their unique well-defined structure and multi-
valent cooperativity [7]. Inspired from the DNA binding proteins,
histones, which undergo conformational changes when binding to
DNA to form nucleosomes, we have been particularly interested in
structurally flexible poly(amidoamine) (PAMAM) dendrimers for
SiRNA binding and SiRNA delivery, and hence established a series
of PAMAM dendrimers bearing an extended triethanolamine
(TEA) core [8] (Fig. 1). Under physiological conditions, these
dendrimers have positively charged amine functionalities at the
dendrimer surface, enabling condensation with negatively charged
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SiRNA molecules through electrostatic interactions. It is to note
that these dendrimers also harbor tertiary amines in the interior,
which can be protonated in acidic endosomes and favorably
promote SiRNA release via the “proton sponge” effect [9]. The
so-released SiRNAs eventually join the RNAi machinery to initiate
the gene silencing process. Importantly, the triethanolamine (TEA)
dendrimer core featuring an extended structure, grants the den-
drimers with flexible structure accompanied with less densely
packed branching units and greater access for water and SiRNA,
thereby favoring both SiRNA binding and release processes [10,
11]. These dendrimers have proved to be excellent vectors for the
functional delivery of diverse RNAi molecules in different cell types
and various disease models in vitro and in vivo [11-17].

In this chapter, we describe the dendrimer-mediated delivery
of SiRNAs targeting the heat-shock protein 27 (Hsp27) in pros-
tate cancer PC-3 cells as an model example [11, 13, 17]. In these
delivery systems, Hsp27 SiRNA molecules have been packaged by
the dendrimer vectors to form stable and compact nanoparticles,
which can protect SIRNA from degradation and promote cellular
uptake of SIRNA. The Hsp27 SiRNA delivered by dendrimers has
led to effective gene silencing at both mRNA and protein level.
Therefore, these TEA-core PAMAM dendrimers are indeed effec-
tive vectors for SiRNA delivery and hold great promise for applica-
tions in both functional genomics and RNAi-based therapies.

2 Materials

2.1 Gel Shift Assays

Triethanolamine (TEA)-core PAMAM generation 5 and 7 den-
drimers are used (see Note 1). Make the stock solution with
desired amount of water and store in aliquots at -20 °C (see Notes
2 and 3). Different types of SIRNA molecules and scramble
SiRNAs are used as follows: Hsp27 SiRNA and scramble SiRNA
(Thermo Fisher Scientific), Hsp27 dicer substrate SiIRNA and
scramble dicer substrate SiIRNA (Integrated DNA Technologies),
Hsp27 sticky SiRNA and scramble sticky SiRNA (Eurogentec).
Make the stock solution with desire amount of RNase-free water
and store in aliquots at —=20 °C (for short-term storage) or —-80 °C
(for long-term storage).

1. Agarose. Store at room temperature.
2. 10x TBE. Store at room temperature.

3. 0.5x TBE running buffer: Dilute 10x TBE with water. Store at
room temperature.

4. 10 pg/pL RNase A. Dilute to 0.01 pg/pL. Store in aliquots at
-20 °C.
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2.2 In Vitro
Transfection

2.3 Live-Cell
Confocal Microscopy

2.4 Quantitative
Real-Time (qRT)-PCR

2.5 Sodium Dodecyl!
Sulfate Polyacrylamide
Gel

5.
. Loading dye.
. Herolab EASY CCD camera (type 429 K) (Herolab).

10 mg/mL Ethidium bromide (EB) (sec Note 4). Store at 4 °C.

. Different transfection plates: 4-well glass chamber slides

(Labtek, Nunc), 3.5 cm dishes (Nunc), 6 cm dishes (Nunc).

2. 1xPBS.

N O\ U

—

N ok

. Opti-MEM tranfection medium (Gibco).

. Fluorescent labeled SiRNAs: Alexa488 SiRNA  (Life

technologies), Cy3 dicer substrate SIRNA (Integrated DNA
Technologies), Alexa647 sticky SiIRNA (Eurogentec). Make
the stock solution with desire amount of RNase-free water and
store in aliquots at —20 °C (for short-term storage) or —-80 °C
(for long-term storage) in the dark.

. Hoechst 34580 (Invitrogen): Prepare 10 mg/mL solution in

water and store in aliquots at =20 °C in the dark.

. Zeiss LSM 510 Meta laser scanning confocal microscope

equipped with inverted Zeiss Axiovert 200 M stand (Carl Zeiss
GmbH).

. TRIzol (see Note 5). Store at 4 °C.
. AllPrep DNA/RNA/Protein Mini Kit. Store at room

temperature.

. PCR primers. Prepare 10 mM stock solution in water and store

in aliquots at -20 °C.

. ImProm-II™ Reverse Transcription kit. Store at -20 °C.

. 2x SYBR Premix Ex Taq. Store at =20 °C in the dark.
. RNase-free water. Store at -20 °C.
. LightCycler 2.0 instrument.

. 40 % acrylamide /bis-acrylamide solution. This is a neurotoxin

when unpolymerized. Take appropriate measures to prevent
exposure. Store at 4 °C.

. N,N,N,N’-Tetramethyl-ethylenediamine (TEMED). Store at

4 °C.

. Ammonium persulfate (APS): Prepare 10 % solution in water and

immediately freeze in single-use (150 pL) aliquots at =20 °C.
1.5 M Tris-HCI, pH 8.8. Store at room temperature.

. 1.0 M Tris-HCI, pH 6.8. Store at room temperature.
. 10 % SDS. Store at room temperature.
. 10x Running buffer: 30.2 g Tris and 144 .4 g Glycine. Dissolve

in around 800 mL water, add 100 mL 10 % SDS, and then
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complete to 1 L with water after all the powders totally dis-
solved. Store at room temperature.

. Ix Running buffer: Dilute 10x running buffer with water.

Store at room temperature.

. Lysis buffer: 10 % Glycerol, 150 mM NaCl, 50 mM HEPES,

1 mM EDTA, 25 mM NaF, 10 pM ZnCl,, 1 mM EGTA, and
1 % Triton in 500 mL water. Store at 4 °C.

. Cocktail inhibitor. Prepare the 25x stock solution with water

and store in aliquots at -20 °C.

. Naz;VO,. Prepare the stock solution (10 mg/mL) with water

and store in aliquots at =20 °C.

4. Pierce BCA protein assay Kkit.

14.

. Polyvinyl difluoride (PVDF) membranes.
. 10x Western blot transfer buffer: 30 g Tris and 150 g glycine;

dissolve in around 800 mL water, add 100 mL 10 % SDS, and
then complete to 1 L with water after all the powders totally
dissolved. Store at room temperature.

. 1x Western blot transfer buffer: 100 mL of 10x Western blot

transfer buffer, 200 mL absolute EtOH, complete to 1 L with
water. Store at room temperature.

. 10x Tris buffered saline (TBS). 30.27 g Tris and 84.16 g NaCl

(Sigma). Dissolve in around 800 mL of water. Adjust the pH
of the solution to 7.4 after the powders totally dissolved, then
complete to 1 L with water. Store at 4 °C.

. 1x TBS: dilute 10x TBS with water. Store at room temperature.
10.
11.
12.
13.

Milk. Store at room temperature
Bovine Serum Albumin. Store at 4 °C.
Specific antibodies. Store in aliquots at —20 °C.

SuperSignal West Pico Chemiluminescent Substrate (Pierce
Thermo Scientific).

Tabletop processor CURIX60 (AGFA).

3 Methods

Several types of SIRNA molecules including conventional SIRNA,
sticky SIRNA (sSiRNA), and Dicer-substrate SIRNA (dSiRNA) are
designed to downregulate Hsp27 in the prostate cancer model
[11, 13, 17] (Fig. 2). Hsp27, an ATP-dependent molecular chap-
erone, is a vital regulator of cell survival and plays an important
role in drug resistance [18], thus emerging as an attractive novel
target for treating drug-resistant cancers such as castration-resistant
prostate cancer [19-21]. Hsp27 conventional SiRNA is synthetic
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a Conventional siRNA 5-GCUGCAAAAUCCGAUGAGAC dTdT-3'
3-dTdT CGACGUUUUAGGCUACUCUG-5'

b Dicer substrate siRNA 5-GCUGCAAAAUCCGAUGAGACUGCACAG-3'
(dsiRNA) 3-UUCGACGUUUUAGGCUACUCUGACGGC-5'
¢ Sticky siRNA 5-GCUGCAAAAUCCGAUGAGAC dAdAJAdAdA-3'
(ssiRNA) 3-dTdTdTdTdT CGACGUUUUAGGCUACUCUG-5

Fig. 2 Different types of sSiRNA molecules targeting heat shock protein Hsp27: (a) conventional siRNA, (b) dicer
substrate siRNA (dsiRNA), and (c) sticky siRNA (ssiRNA)

double-stranded RNA molecules bearing 19 nucleotides and two
dTdT overhangs at the 3’-ends (Fig. 2a), which is designed to
mimic the Dicer cleavage product and therefore bypass Dicer
processing to directly enter RISC for RNAi pathway [ 13]. Different
from conventional SIRNA, Hsp27 Dicer-substrate SiIRNA (denoted
as dsiRNA thereafter) has a sense strand with the five nucleotide
sequence UGCdCdG appended to the 3’-end, and for the anti-
sense strand an ACGGC at the 5’-end and a short UU unit at the
3’-end (Fig. 2b) [17]. This dsiRNA bears an asymmetric blunt end
and an overhang at the 3’-end and can be optimally processed by
Dicer, hence yielding higher and more durable RNAi potency. The
sticky SIRNA (denoted as ssiRNA thereafter) has complementary
As/Ts 3" overhangs (Fig. 2¢) instead of dTdT overhangs in con-
ventional SiRNA. Through the A;/T;s 3’ overhangs, these sticky
SiRNA molecules can self-assemble into “gene-like” longer
double-stranded RNA molecules, which provide better cooperativ-
ity and stronger interactive forces than the individual SiRNA with
the dendrimer vector in order to ensure efficient delivery [11].

Indeed, the flexible TEA-core PAMAM dendrimers can inter-
act efficiently with all the above mentioned three different Hsp27
SiRNAs via electrostatic interaction (Subheading 3.1) to form sta-
ble nanoparticles (Subheading 3.2), which protected SiRNA from
degradation (Subheading 3.3) and promoted efficient cell uptake
(Subheading 3.5), leading to effective gene silencing at both
mRNA (Subheading 3.6) and protein level (Subheading 3.7) in
prostate cancer PC-3 cells. The most effective dendrimer for the
delivery of Hsp27 SiRNA is generation 7 dendrimer (denoted as
G; thereafter), whereas for Hsp27 dsiRNA and Hsp27 ssiRNA,
even lower generation 5 dendrimer (denoted as Gs thereafter) is
sufficient for effective delivery. We present below the detailed
protocols for our dendrimer-based SiRNA delivery.



3.1 Gel Shift Assays
of siRNA/Dendrimer
Gomplexes

3.2 Size and Zeta
Potential
Measurement

of siRNA/Dendrimer
Gomplexes

3.3 Stability

of siRNA/Dendrimer
Gomplex Against
RNaseA
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Prepare a 1.2 % agarose gel: Add 0.6 g agarose into 50 mL
0.5x TBE buffer. Microwave the agarose mixture for however
long it takes to melt completely. Let it cool on the benchtop
for 5 or so minutes. Add 5 pL of EB (10 mg/mL) into the
above solution and homogenize by shaking gently. Then pour-
ing it into casting tray in the gel boxes sideways gently avoid
the bubble and insert a comb into the slots in the tray. The gel
should polymerize in about 30 min. Then put the gel carefully
remove the comb for sample loading

. Dilute dendrimers with 50 mM Tris—-HCI bufter, pH 7.4 and

SiRNAs with RNase-free water to an appropriate concentra-
tion, respectively. Store at 4 °C.

. Mix 2 pL of the SiRNAs aqueous solution (100 ng/pL) with

2 pL of the desired amount of dendrimer G; or G, solution at
various N /P ratios gently and equilibrate at 37 °C for 30 min
(see Note 6). Add 1 pL loading dye to each sample before
loading. The final quantity of the SiRNAs per well is 200 ng.

. Load the above each sample in each well and subject to elec-

trophoresis in 1.2 % agarose gel. The SiRNAs bands are stained
by EB and then detected by an EASY CCD camera (type
429 K) (see Note 4). An example result is shown in Fig. 3.

. Gently mix 100 pL of the SiRNA aqueous solution (2 pM)

with 100 pL of the desired amount of dendrimer Gs or G,
aqueous solution at N /P ratio 10 in the presence of sonication
for 10 s. The final concentration of the SIRNA is 1 pM.

. Incubate the above 200 pL mixture at 37 °C for 30 min for

complexes formation.

. Measure the size and zeta potential by using Zetasizer Nano-7ZS

(Malvern) with a He-Ne ion laser of 633 nm. An example
result is shown in Table 1.

. Prepare two 1.2 % agarose gels: Add 1.2 g agarose into 100 mL

0.5x TBE butffer (see Subheading 3.1, step 1).

. Mix certain amount of SiRNAs (100 ng,/uL) (1.4 pg of SiRNA,

1.8 pg of dsiRNA, 2.2 pg of ssiRNA) and equal volume of the
indicated amounts of dendrimer G; or G at N /P ratio 10 and
keep them at 37 °C for 30 min.

. Incubate SiRNAs alone or the complexes in the presence of

0.01 pg/pL RNase A for certain time at 37 °C.

. Withdraw aliquots (4 pL) of the corresponding solution after

certain time incubation; add to 1.5 pL 1 % SDS solution on the
ice (see Note 7). The final quantity of the SIRNAs per well is
200 ng. Add 1 pL loading dye to each sample before loading.
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Fig. 3 Gel retardation of different siRNA molecules including siRNA, dicer substrate siRNA (dsiRNA), and
sticky siRNA (ssiRNA) by dendrimer G; or G5 . Fig. 3a adapted with permission from ChemMedChem. 2009,
4:1302-1310, Copyright 2014 Wiley. Fig. 3b adapted from Nanomedicine NBM 2014, 10:1627-1636, Copyright
2014, with permission from Elsevier

Table 1
Size and zeta potential of nanoparticles formed by dendrimers with
different siRNA molecules

Nanoparticles Size (nm) Zeta potential (mV)
Dendrimer G;/siRNA 105+5.0 21+1.2
Dendrimer Gs/dsiRNA 97+7.1 30+1.4
Dendrimer Gs/ssiRNA 110+3.8 35+2.7

5. Load the above each sample in each well and subject to elec-
trophoresis in 1.2 % agarose gel. The SIRNA bands are stained
by ethidium bromide and then detected by a Herolab EASY
CCD camera (type 429 K) (Herolab) (see Note 4). An exam-
ple result is shown in Fig. 4.
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Fig. 4 Protection of different siRNA molecules against RNase digestion by den-
drimer Gy or Gs. (a) siRNA/dendrimer G, (b) dsiRNA/dendrimer Gs, (c) SSIRNA/
dendrimer Gs. Adapted with permission from ChemMedChem. 2009, 4: 1302-
1310, Copyright 2014 Wiley; Nanomedicine NBM 2014, 10: 1627-1636,
Copyright 2014, with permission from Elsevier; Mol. Pharmaceutics 2012; 9:
470-481, Copyright 2012 American Chemical Society

3.4 Preparation The following is an example when 4-well glass chamber slides
of siRNA/Dendrimer (Labtek, Nunc) (500 pL for each chamber) is used for transfection.

Complexes . 1. Dilute SiRNA stock solution to 500 nM and dendrimer G5 or

for Transfection G; stock solution to desired concentration at N /P ratio 10 in
the volume of 50 pL with Opti-MEM transfection medium,
respectively.

2. Gently vortex the above solution for 10 s and equilibrate for
10 min at room temperature.
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Table 2

The volume of siRNA and dendrimer solution for transfection in each type of transfection plates

Type of plates

Total

siRNA solution Dendrimer Additional

volume (mL) (uL) solution (uL) volume (mL)

4-Well glass
chamber slides

6 cm dish

0.5

2.0

50 50 0.4

200 200 1.6

3.5 Cell Uptake by
Gonfocal Microscopy

3.6 Analysis

of mRNA Expression
by Quantitative
Real-Time (qRT)-PCR

. Mix the SiRNA solution with dendrimer solution and gently

vortex for 10 s. Then equilibrate 30 min for complexes forma-
tion at room temperature.

. Add another 400 pL. Opti-MEM to complete to 500 pL for

transfection. The final concentration of SiRNAs is 50 nM and
the N/P ratio is 10. The volume of SiRNA and dendrimer
solution changes according to the type of transfection plates
(Table 2).

. One day before assay, grow PC-3 cells in 4-well glass chamber

slides with seeding at 10x10* cells/chamber in 1 mL of
DMEM medium plus 10 % FBS.

. Prepare the SiRNA/dendrimer complexes (500 pL for each

chamber) as described in Subheading 3.4 in the dark by using
fluorescen-labeled SiRNAs (see Note 8).

. Before transtection, wash cells with 1 mL of prewarmed

PBS. Then incubate with 500 puL of SIRNA /dendrimer com-
plexes in Opti-MEM transfection medium.

. After 4-h incubation at 37 °C, wash the cells with cold PBS for

three times and stain them with 10 pg/mL Hoechst 34580
(nuclear dye for live cells) for 5-10 min at room temperature.
Then wash the cells again with cold PBS three times and
reserve cells in PBS for observation.

. Visualize the cells with A Zeiss LSM 510 Meta laser scanning

confocal microscope equipped with inverted Zeiss Axiovert
200 M stand. Images are acquired using LSM 510 software
(Carl Zeiss GmbH). An example result is shown in Fig. 5.

. One day before assay, grow PC-3 cells in 6 cm dish with seed-

ing at 1.5x10% cells/chamber in 4 mL of DMEM medium
plus 10 % FBS.

. Prepare the SiRNA/dendrimer complexes (2 mL for each

6 cm dish) as described in Subheading 3.4.

. Before transtection, wash cells with 4 mL of prewarmed

PBS. Then incubate with 2 mL of SiRNA/dendrimer com-
plexes in Opti-MEM transtection medium.
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Alexad88 siRNA/dendrimer G,

Cy3 dsiRNA/dendrimer G;

b.-

Alexa647 ssiRNA/dendrimer G4

| -- K

Fig. 5 Cell uptake of fluorescent-labeled siRNA/dendrimer complexes on PC-3 cells
analyzed by live-cell confocal microscopy. (a) Alexa488 siRNA/dendrimer G, (b) Cy3
dsiRNA/dendrimer Gs, (c) Alexa647 ssiRNA/dendrimer Gs. Adapted with permission
from ChemMedChem. 2009, 4: 1302—1310, Copyright 2014 Wiley; Nanomedicine
NBM 2014, 10: 1627—1636, Copyright 2014, with permission from Elsevier; Mol.
Pharmaceutics 2012; 9: 470-481, Copyright 2012 American Chemical Society

4. After 8 h ofincubation at 37 °C, change the transfection medium
with complexes into fresh DMEM medium plus 10 % FBS.

5. After 48 h of treatment, pellet cells and isolate total RNAs
using TRIzol method or AllPrep DNA/RNA/Protein
Mini Kit by following the procedure offered by suppliers
(see Note 5).

6. Reverse-transcribe RNA into ¢cDNA by using ImProm-I1I™
Reverse Transcription system (se¢ Note 9): Mix 1 pg RNAs with
0.5 pg oligo dT primer and complete to the final volume of 5 pLL
with RNase-free water. Heat the above mixture at 70 °C for
5 min and put 4 °C for 5 min. After that, add 15 pL. mixture
consisting of the following reagents to the product to achieve the
final volume of 20 pL: 1 pL ImProm-II™ reverse transcriptase,
0.5 pL of RNase inhibitor, 1 pL. of 10 mM dNTP mix, 4.8 pL of
25 mM MgCl,, 4 pL of 5xRT bufter, 3.7 pL. of RNase-free
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B dsiRNA/G
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Dendrimers Dendrimers
+ siRNAs + scrambles

Fig. 6 Different siRNAs delivered by dendrimers downregulate targeted gene Hsp27 expression at mRNA level
on PC-3 cells. Grey column stands for Hsp27 siRNA with dendrimer G;. Violet column stands for Hsp27 dsiRNA
with dendrimer Gs. Blue column stands for Hsp27 ssiRNA with dendrimer Gs

3.7 Analysis
of Protein Expression
by Western Blot

water. Incubate the reaction (Total volume of 20 pL) at 25 °C for
5 min and 42 °C for 1 h. Heat the mixture at 70 °C for 15 min
to inactivate reverse transcriptase and chill on ice or put at
4 °C. The ¢cDNA is ready for qRT-PCR analysis.

. Analyze the expression of the target genes by quantitative RT-

PCR using 2x SYBR Premix Ex Taq and specific primer sets at
a final concentration of 200 nM (Triplex assay) (se¢ Notes 9
and 10). Use 18S expression as an internal control for normal-
ization of the qPCR data. An example result is shown in Fig. 6.

. Perform in vitro transfection of SIRNA /dendrimer complexes

as described above (see Subheading 3.6, steps 1-4).

. After 3 days of treatment, pellet cells and extract total protein

using lysis buffer containing cocktail inhibitor (1x) and
Na;VO, (10 pg/mL).

. Add 50 pL lysis buffer containing cocktail inhibitor and

Na;VO; to resuspend cell pellet of each dish and incubate for
30 min at 4 °C.

. Centrifuge at 15,871 x g for 45-60 min at 4 °C and collect the

lysate.

. Quantify the protein in the lysate using Pierce BCA protein

assay kit.

. Prepare a 10 % SDS polyacrylamide gel: Mix the following

reagents to prepare a 20 mL running gel: 9.3 mL water, 5.2 mL
1.5 M Tris-HCI, pH 8.8, 5.0 mL 40 % acrylamide /bis-acryl-
amide solution, 200 pL 10 % SDS, 200 puL. 10 % APS, and 8 pL
TEMED. Cast the gel within a 7.25 cmx10 cmx 1.5 mm gel
cassette. Allow space for stacking gel and gently overlay within
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isopropanol. The stacking gel should be polymerized in about
45-60 min. Mix the following reagents to make a 12 mL stack-
ing gel: 8.9 mL MilliQ water, 1.5 mL 1.5 M Tris—=HCI, pH 6.8,
1.5 mL 40 % acrylamide /bis-acrylamide solution, 120 pL 10 %
SDS, 120 pL. 10 % APS, and 12 pL. TEMED. Insert a 15-well
gel comb immediately without introducing air bubbles. The
stacking gel should be polymerized in about 30-60 min.

. Migrate samples containing equal amounts of protein (15 pg)

from lysates in 10 % SDS polyacrylamide gel.

. Carefully remove the comb and rinse the wells with 1x run-

ning buffer.

. Denature samples containing equal amounts of protein (15 pg)

from lysates at 95 °C for 5 min and chill the samples on the ice
for 10 min.

Load the samples in each well and connect to a power supply.
Electrophorese the gel first at 80 V for 10 min then at 120 V
for 60 min.

Electrophoretic transfer the protein from the SDS-PAGE gel
to the PVDF membrane using Mini Trans-Blot® Electrophoretic
Transfer Cell (BIO-RAD) at 30 V overnight at room tempera-
ture or at 90 V for 1.5 h at 4 °C according to the manufac-
turer’s protocols.

Immunoblot the membrane: Block nonspecific binding by incu-
bating membrane in TBS (1x) with 5 % milk for 60 min at room
temperature. Wash with 1x TBS two times (5 min/time).

Incubate the blocked membrane in specific primary antibodies
and dilute in 1x TBS with 1 % milk and 1 % BSA for 1-2 h at
room temperature or overnight at 4 °C (see Note 11). Wash
with TBS (1x) three times (5 min/time).

Incubate the membrane for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies and dilute in 1x TBS with 1 % milk and 1 % BSA (se¢ Note 12).
Wash with 1x TBS three times (5 min/time).

Incubate membraneinSuperSignal West Pico Chemiluminescent
Substrate according to the data sheet.

Visualize specific proteins using tabletop processor CURIX60 in
the darkroom. An example result is shown in Fig. 7.

4 Notes

. The structurally flexible TEA-core PAMAM dendrimers have

been synthesized as previously reported [8, 10]. Generation 5
(Gs) bears 96 terminal amines and the molecular weight is
21,727 Da. Generation 7 (G7) bears 384 terminal amines and
the molecular weight is 87,489 Da.
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Fig. 7 Different siRNAs delivered by dendrimers downregulate targeted gene
Hsp27 expression at protein level on PC-3 cells. (a) Hsp27 siRNA with dendrimer
G;. (b) Hsp27 dsiRNA with dendrimer Gs. (¢) Hsp27 ssiRNA with dendrimer Gs.
Fig. 7a and 7c adapted with permission from ChemMedChem. 2009, 4: 1302—
1310, Copyright 2014 Wiley; Mol. Pharmaceutics 2012; 9: 470-481, Copyright
2012 American Chemical Society

2. Unless stated otherwise, all chemicals purchase from Sigma-
Aldrich and all solution should be prepared in water that has a
resistivity of 18.2 MQ-cm and autoclaved. This standard is
referred to as “water” in the text.

3. Dendrimers aliquots should be prepared in the volume to be
freeze /thawed less than five times.

4. Ethidium bromide is a potent mutagen. Ethidium bromide
solution must be handled with extreme caution and decon-
taminated prior to disposal.

5. TRIzol Reagent contains phenol (toxic and corrosive) and
guanidine isothiocyanate (an irritant), and may be a health
hazard if not handled properly. Always work with TRIzol
Reagent in a fume hood, and always wear a lab coat, gloves,
and safety glasses.
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6. N/P refers to [total terminal amines in dendrimer]/[phos-
phates in SiRNA].

7. Aliquots should be put immediately on the ice after withdrawn
from the mixture to inactivate the RNase A. Meanwhile, the
presence of SDS can also inactivate the RNase A and displace
the SiRNA from the SiRNA /dendrimer complexes.

8. All the fluorescent-labeled SiRNAs are sensitive to light and
the exposure to light should be limited from this step until the
end of this subheading.

9. Allow all the needed reagents in the kit to reach room tem-
perature before use.

10. qRT-PCR primer sequences as follows: Hsp27 primer F: 5’-TC
CCTGGATGTCAACCACTTC-3’ and primer R: 5'-TCTCC
ACCACGCCATCCT-3’; 18S primer F: 5-CTACCACAT
CCAAGGAAGGC-3’ and primer R: 5-TTTTCGTCACT
ACCTCCCCG-3'.

11. Rabbit anti-human Hsp27 polyclonal antibody: Dilute to
1:5000 and incubate at room temperature for 1.5-2 h. Rabbit
anti-human GAPDH polyclonal antibody is diluted to 1:2500
and incubated overnight at 4 °C. Mouse anti-human vinculin
monoclonal antibody is diluted to 1:2000 and incubated at
room temperature for 1.5-2 h.

12. Secondary antibodies: Horseradish peroxidase (HRP)-
conjugated anti-rabbit or anti-mouse monoclonal antibody.
Dilute to 1:5000 and incubate at room temperature for 1 h.
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Chapter 12

Chitosan Nanoparticles for SIRNA Delivery In Vitro

Héloise Ragelle, Kevin Vanvarenberg, Gaélle Vandermeulen,
and Véronique Préat

Abstract

RNA interference, the process in which small interfering RNAs (SiRNAs) silence a specific gene and thus
inhibit the associated protein, has opened new doors for the treatment of'a wide range of diseases. However,
efficient delivery of SiRNAs remains a challenge, especially due to their instability in biological environ-
ments and their inability to cross cell membranes. To protect and deliver SIRNAs to mammalian cells, a
variety of polymeric nanocarriers have been developed. Among them, the polysaccharide chitosan has
generated great interests. This derivative of natural chitin is biodegradable and biocompatible, and can
complex SiRNAs into nanoparticles on account of its positive charges. However, chitosan presents some
limitations that need to be taken into account when designing chitosan/SiRNA nanoparticles. Here, we
describe a method to prepare SiRNA /chitosan nanoparticles with high gene silencing efficiency and low
cytotoxicity by using the ionic gelation technique.

Key words Chitosan, SiRNA, Nanoparticles, Ionic gelation, RNA interference, Gene silencing,
Nucleic acid delivery, PEGylated chitosan

1 Introduction

Chitosan is one of the most studied polymers in non-viral SIRNA
delivery, on account of several unique attributes: (1) its polyca-
tionic nature under slightly acidic conditions allows for complex-
ation of SiRNA into nanoparticles (NPs) via a fast, easy, and gentle
process [1]; (2) chitosan is biodegradable and biocompatible,
which is critical to in vivo administration [2, 3]; and (3) its versatile
chemical structure enables functionalization to impart the polymer
with new properties and/or to enhance its performance [4]. The
molecular characteristics of chitosan and formulation parameters
are both decisive for the gene silencing effect of SIRNA NPs and
need to be optimized. In particular, the molecular weight (MW)
and the degree of deacetylation (DD) (defined as the percentage of
deacetylated primary amine groups) are two important features
that influence siRNA NP formation and efficacy. On account of its

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_12, © Springer Science+Business Media New York 2016
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stiff molecular topology and short length, SIRNA needs a high
number of positive charges to remain efficiently bound. Therefore,
chitosans with DD equal or higher than 80 % are typically used to
form SiRNA NPs. Regarding the MW, it was described that chito-
san molecules that were 5-10 times the length of SiRNA, i.e., chi-
tosan of MW from 65 to 170 kDa, were most suitable for NP
formation [5]. Indeed, the MW should be high enough to effi-
ciently complex SiRNA into stable NPs, but low enough to allow
SiRNA unpacking and release into the cells. Two main methods
for chitosan/siRNA NP formulation are described in the literature:
simple complexation where SiRNA is mixed with chitosan alone
and ionic gelation where a cross-linker agent, e.g., sodium tripoly-
phosphate, is added. Generally, ionic gelation is preferred since the
NPs show higher stability compared to the simple complexation
method [6]. Finally, an important parameter that needs to be
determined experimentally is the positive /negative charge ratio.
This ratio is decisive for the formation of NPs of suitable size.

While chitosan has demonstrated significant promise for
in vitro SIRNA delivery, some limitations remain for in vivo admin-
istration. First, chitosan suffers from low water solubility at pH
values higher than 6.5, due to partial protonation of the primary
amino groups, which can weaken SiRNA binding and affect the
stability of the NPs [7]. In addition, the transfection efficiency
mediated by chitosan is restricted by its poor buffering capacity
and inability to trigger endosomal escape [8, 9]. To address these
limitations, a number of chitosan derivatives as well as formulation
improvements have been described. Among them, the use of
poly(ethylene glycol) (PEG) grafted chitosan (Cpgg) efficiently
improves polymer solubility as well as the NP colloidal stability and
the addition of endosomal disrupting agents, such as primary
amine group-rich compounds: poly(ethylene imine) has shown to
increase transfection efficiency [10].

In this chapter, we describe a method to formulate efficient
chitosan/siRNA NPs by ionic gelation. The formulation was opti-
mized in terms of chitosan characteristics, formulation process and
addition of excipients in order to obtain NPs of 100-200 nm
diameter that display high in vitro gene silencing efficiency in mul-
tiple cell culture models.

2 Materials

2.1 Nanoparticle
Preparation

1. Chitosan derived from crustaceans: MW 190-310 kDa, DD
75-85 %.

2. Isocyanate terminated methoxy-poly(ethylene)glycol (mPEG-
ISC): Mn=1000 g/mol.

3. Dimethylformamide (DMF).
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4. Hydrazine, anhydrous.

921

. Phthalic anhydride.

6. siRNAs, purified by HPLC: Luc SiRNA (MW 13,300 g/mol):

14.

15.

16.

17.

18.

19.

sense 5'-CUUACGCUGAGUACUUCGALtt-3’; control (ctrl)
SiRNA (MW 13,300 g/mol): sense 5-AUAGUGCAA
CGAUGAGCUCtt-3" and EGFP SiRNA (MW 13490 g/
mol): sense 5'-pACCCUGAAGUUCAUCUGCAcc-3'. Lower
case letters = deoxyribonucleotides and p = phosphate residues.

. Sodium tripolyphosphate (TPP).

. Poly(ethylene imine) (PEI), branched, 25 kDa.
. Sodium acetate and acetic acid.

10.
11.
12.
13.

Transfection reagent: INTERFERIn®, Polyplus transfection™.
Zetasizer ZS Malvern Instruments Ltd.
Zeta potential cuvette, Malvern Instruments Ltd.

1 % Sodium dodecyl sulfate (SDS) solution: Weigh 1 g of SDS
and add 99 ml of water.

0.2 M Sodium acetate, pH 4.5: Add 11.5 ml of 3 M sodium
acetate and 3.7 ml of 17.5 M acetic acid 17.5 M into 484.8 ml
of RNase-free water.

1 mg/ml Chitosan solution, pH 5.8: Weigh 40 mg of chitosan
in a conical tube. Add 40 ml of 0.2 M sodium acetate buffer to
obtain a final chitosan concentration of 1 mg,/ml. Vortex until
chitosan is completely dissolved. Adjust the pH to 5.8 using
NaOH 10 M solution. Filter the solution using 0.45 pm
syringe filter (se¢ Note 1).

1 mg/ml Cpgg solution: Weigh 40 mg of Cpgg in a conical
tube. Add 40 ml of RNAse-free water. Vortex until Cppg is
completely dissolved. Filter the solution using 0.45 pm syringe
filter.

1 mg/ml PEI solution: Weigh PEI in a conical tube using a
plastic pipette, add RNase-free water to obtain 1 mg/ml final
solution. Sonicate the solution. Adjust the pH to 7.4 using
acetic acid 1.75 M. Filter the solution using 0.22 pm syringe
filter.

1 mg/ml TPP solution: weigh 40 mg of TPP in a conical tube,
add 40 ml of RNase-free water, vortex. Filter the solution
using a syringe filter 0.22 pm (see Note 2).

50 pM SiRNA solution in RNase-free water: Briefly centrifuge
the tubes to ensure that the dried SiRNA is at the bottom of
the tube. Add RNase-free water to obtain a final SIRNA con-
centration of 50 pM, gently vortex and make aliquots of
200 pl. Store the SiRNA aliquots at =20 °C.
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2.2 Materials for Gell
Culture

1.

B16F10 luc cells: Murine melanoma cell line BI6F10 stably
expressing firefly luciferase.

. H1299 EGEFP obtained from [11]: Human non-small-cell

lung carcinoma cell line H1299 expressing the destabilized
enhanced green fluorescence protein.

. Complete cell culture medium for B16F10 luc cells: Minimum

essential Medium (MEM) with Glutamax supplemented with
10 % fetal bovine serum (FBS), and 1 % 10,000 U/ml
penicillin-streptomycin.

. Complete cell culture medium for H1299 EGEFP cells: RPMI

1640 supplemented with 10 % FBS and 1 % 10,000 U/ml
penicillin-streptomycin.

. Cell culture plates: Black 96-well plates and transparent

12-well.

. Phosphate-buffered saline (PBS).
. Luminometer, GloMax Promega.
. Fluorescence-activated cell sorting (FACS), FACSCalibur BD.

3 Methods

3.1 Preparation
of PEGylated Chitosan

(Crec)

PEG chains were grafted onto the hydroxyl groups of chitosan as
described in detail in [10].

1.

To protect the amine groups of chitosan, transfer 1 g of chito-
san into a glass tube containing 5 ml of anhydrous DMF, add
2.4 g of phthalic anhydride and stir at 130°C for 7 h.

. Rapidly pour the chitosan—phthalimide solution in a water/ice

mixture under vigorous stirring.

. Filter, lyophilize, and store the chitosan—phthalimide under N,

at 6 °C until further use.

. To functionalize with PEG, dissolve 500 mg of chitosan—

phthalimide in 25 ml DMF in a round bottom flask, then add
0.48 g mPEG-ISC, and let the reaction go overnight at room
temperature.

. To deprotect the amino groups, add 0.8 ml of hydrazine,

increase the temperature to 110 °C, and let the deprotection
reaction go for 3 h.

. Dry the Cpgg under vacuum, solubilize the collected residues

into sodium acetate buffer and remove the phthalimide deriva-
tives by filtration.

. Adjust the pH of the polymer solution to 10, dialyze against

water until neutral pH and lyophilize.



3.2 Nanoparticle
Formulation

3.3 Nanoparticle
Characterization
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. In an Eppendorf tube, mix 125 pl (125 pg) of TPP and 14.8 pl

(10 pg) of EGFP SiRNA or 15 pl (10 pg) of luc or control
SiRNA. This is Eppendort A.

. In another Eppendorf tube, mix 250 pl (250 pg) of chitosan,

41.6 pl (41.6 pg) of Cpgg and 50 pl (50 pg) of PEI. This is
Eppendort B.

. Add all solution in Eppendorf A to Eppendort B. Mix vigor-

ously by pipetting and vortex for 30 s.

4. Leave the nanoparticle mix for 1 h at room temperature.

AN

. Add RNase-free water to the NPs up to a volume of 1 ml.
. Use as is or centrifuge the mix for 30 min at 17,860 x4, 25 °C,

and suspend the NPs into 1 ml RNase-free water.

. For each assay, prepare a formulation containing a luc or EGFP

SiRNA and another one containing ctrl SIRNA (se¢ Notes 3-5).

. Size measurements using dynamic light scattering (e.g.,

Nanosizer ZS): Transfer the diluted NP suspension to a cuvette
adapted to the equipment. Let the suspension equilibrate for
2 min at 25 °C before performing the measurements (see Table 1).

. Zeta potential measurements using electrophoretic mobility:

Transfer the diluted NP suspension to a zeta potential cuvette.
Let the suspension equilibrate for 2 min at 25 °C before per-
forming the measurements (see Table 1).

. Encapsulation efficiency (EE): After centrifugation of the NP

suspension (17,860x g, 30 min), transter 100 pl of the superna-
tant to a 96-well plate and mix with 100 pl of a diluted solution
of Oligreen® (Life technologies, 1:200 in buffer TE 1x). Repeat
this in triplicate. Incubate for 5 min in dark and measure the fluo-
rescence (wavelengths: excitation 480 nm and emission 520 nm).
The amount of SiRNA in the supernatant (siRNAgpernatant) 18
determined from a standard curve (recommended concentration
range: 0.5 pg/ml to 0.1 ng/ml) and the encapsulation efficiency
is calculated using the following equation where SiRNA is the
initial quantity of SIRNAyp, is the initial quantity of SIRNA in the
nanoparticles:

(100 x siRNA amount in the supernatant)
EE% =100 - .
/ siRNA initial amount in the NPs
Table 1
Typical physicochemical characteristics of the chitosan-based NPs loaded
with siRNA (n>3)
Size (nm) Pdl Zeta potential (mV) EE (%)

190+30 0.25+0.05 306 100+0.5
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3.4 Determination 1.

of In Vitro Gene
Silencing Using
Luciferase System 2

The day before the experiment, plate B16F10 luc cells on black
or white 96-well plates at a cell density of 8000 cells per well in
complete cell culture medium.

. Prepare 1 ml NPs/medium mix: add 135 pl NPs to 865 pl of

cell medium in an Eppendorf tube. Mix. Add 100 pl of the mix
to the wells to obtain a final concentration of 100 nM SiRNA
(n=8).

. As a positive control, mix 1 pl INTERFERIn® with 0.2 pl

SiRNA (final concentration of 100 nM) following the manu-
facturer’s protocol.

4. Incubate for 4 h at 37 °C.

3.5 Determination 1.

of In Vitro Gene
Silencing Using EGFP
System 2

. After 4 h, aspirate the medium and add 100 pl of fresh com-

plete medium /well. Incubate at 37 °C for 48 h.

. At48 h post-transfection, add 100 pl of ONE-Glo™ (Promega)

reagent,/well.

. Measure the luminescence within 30 min.

. To determine the percentage of luciferase inhibition, use the fol-

lowing equation: %inhibition =100 — ((100 xRLU,.)/ RLUm)
where RLU,, is the mean of relative light unit (RLU) for luc
SiRNA and RLU is the mean of RLU for control SiRNA

(Fig. 1).

The day before the experiment, plate H1299 EGFP cells on a
12-well plate at a cell density of 10° cells/well in complete cell
culture medium.

. Add 135 pl of NPs and 865 pl of complete cell culture medium

(final SiRNA concentration of 100 nM) and incubate for 4 h.

67% luc silencing

3000

2000

R.LU

1000

NT NPs ctrl NPs luc

Fig. 1 Gene silencing efficiency of NPs on B16F10 luc cells after 4 h incubation
at 200 nM. The luminescence expressed in relative light units (RLU) was mea-
sured at 48 h (n=28). Data represent mean +SD. NT non-treated cells
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As a negative control, prepare the same NPs loaded with the
ctrl SiRNA. As a positive control, use INTERFERin® transfec-
tion reagent.

. After 4 h, remove the medium and add 1 ml of fresh medium/

well.

. After 48 h, wash the cells with 1 ml PBS, and add 200 pl tryp-

sin for 5 min.

. Neutralize trypsin with 800 pl of medium, transfer the cell sus-

pension to an Eppendorf tube, and centrifuge at 500 x g for
5 min.

. Add 300 pl of PBS and transfer to a tube for FACS analysis.

. For each measurement, perform the FACS analysis on 10,000

cells.

. Using Flow]o software, determine the FLL1 median (median of

the EGFP peak) for each fluorescence histogram.

. Calculate the percentage of EGFP silencing using the follow-

ing equation:

% EGFP silencing = 100 — (FL1 median g s x 100 / FL1 median g oy )-

4 Notes

. Throughout all of the experiments, strict RNase-free condi-

tions must be applied: use RNase-free tubes, gloves, tips with
filter, and a dedicated pipette set. Before the experiment, spray
the bench and the gloves with a solution of 1 % SDS.

. The chitosan, PEI, and TPP solutions can be stored for up to

1 month at 4 °C. After this time, variations of the NP charac-
teristics (larger size, high PdI) might be observed.

. It is recommended to let the chitosan, PEI, and TPP solutions

stabilize at room temperature for 1 h before making the NDPs.

. To optimize the NP characteristics, it is recommended to set

the SiRNA and the chitosan amounts constant and to vary the
amount of TPP.

. It is recommended to prepare the NDPs just before performing

the in vitro tests.
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Chapter 13

Non-Covalently Functionalized of Single-Walled Garbon
Nanotubes by DSPE-PEG-PEI for SiRNA Delivery

King Sun Siu, Yujuan Zhang, Xiufen Zheng, James Koropatnick,
and Wei-Ping Min

Abstract

The expression of a gene can be specifically downregulated by small interfering RNA (SiRNA). Modified
carbon nanotubes (CNT) can be used to protect SIRNA and facilitate its entry into cells. Regardless of
that, simple and efficient functionalization of CNT is lacking. Effective SIRNA delivery can be carried out
using non-covalently functionalized CNT, where non-covalent (versus covalent) functionalization is sim-
pler and more expeditious. Non-covalently functionalized single walled carbon nanotubes (SWCNT) that
include a lipopolymer are described here. Polyethylenimine (PEI) conjugated to 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine- N-[amino(polyethylene glycol)-2000] (DSPE-PEG) was generated and the
products used to disperse CNT to form DSPE-PEG-PEI/CNT (DGI/C), an agent capable of facilitating
SiRNA delivery to cells in vitro and organs and cells in vivo.

Key words SiRNA delivery, RNAi, Gene silencing, Carbon nanotubes, Polyethylenimine, PEI,
Polyethylene glycol, PEG

1 Introduction

Carbon nanotubes (CNT) have been used for gene delivery and
found to enhance efficiency of transfection into mammalian cells
[1-11]. Nevertheless, pristine CNT (p-CNT) are not soluble in
most bio-compatible liquids unless functionalized by the addition
of covalently bound moieties [12]. Non-covalently functionalized
CNT for effective delivery of SIRNA has also been developed. Some
of the methods described in the literature for non-covalent func-
tionalization [10, 13, 14] are based on the method of Kam et al.
[15] and involve use of a lipopolymer DSPE-PEG for CNT disper-
sion. On the other hand, some methods are based on aromatic n-x
stacking interaction [4, 16]. The lipopolymer method exploits the
hydrophobic tail to interact hydrophobically with CNT, while PEG
helps to disperse the whole complex in water [15] and acts as a site
for covalent conjugation of SIRNA to the CNT through disulphide

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
vol. 1364, DOI 10.1007/978-1-4939-3112-5_13, © Springer Science+Business Media New York 2016
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bonding. This approach is relatively simple to carry out, highly effi-
cient, and has been used by Liu et al. to deliver SiRNA to T cells
[10]. This method has been further developed by Cai et al. as an
efficient magnetic CNT “spear” for in vitro transtection of nucleic
acids into T and B cells [13, 14]. In this strategy, non-covalently
dispersed CNT was conjugated to plasmid DNA (pDNA) directly,
or condensed with pDNA by addition of DSPE-PEG-poly(l-lysine).
CNT for delivery of nucleic acids in this fashion were associated
with nickel to create magnetic constructs for purification.

SiRNA is a powerful tool for research and is an attractive
molecule for treatment of diseases with known targets, including
cancer [17, 18]. Small molecules or biologics (including antibod-
ies) are limited in their capacity to target “undruggable” protein
molecules (i.e., proteins in which targeted regions are shared with
non-target molecules or structures, leading to undesirable off-target
toxicity; or where targeted regions are unavailable for interaction
with targeting molecules because the overall structure of proteins
limits availability for interaction). Such “undruggable” targets can
be susceptible to SiRNA, which targets the mRNA encoding the
target proteins and reduces the target protein level itself by reduc-
ing or ablating transcription of that protein [ 19, 20]. However, the
delivery of nucleic acids into mammalian cells, a process called
transfection, remains a challenge; the size, lipophilicity, polyan-
ionic nature, and susceptibility of SiRNA to degradation by RNase
limits application of SiRNA technology to disease therapy. An effi-
cient delivery system is necessary to apply SiRNA to treatment of
human disease.

Poly(ethylenimine) (PEI) is a cationic polymer that has been
used extensively for nucleic acid delivery [21-23]. There are two
kinds of PEI: branched PEI [24] and linear PEI [25]. They are
water soluble, basic, and positively charged at physiologic pH. The
ratio of commercially available branched PEI has a primary, sec-
ondary, and tertiary amine ratio of 1:1:1, as suggested by von
Harpe et al. [26]. PEI (M,, 800 kDa) was introduced for delivery
of pDNA by Boussif et al. in 1995 [21]. According to Abdallah
et al., PEI can form a polyplex with pDNA that, upon entry into
cells in vivo, produces transgene expression levels comparable to
those obtained using lentiviral or adenoviral vectors introduced
into brain cells in an animal model in vivo via direct brain injection
[27]. Use of 25 kDa (M,, 25,000, M,, 10,000) and higher molecu-
lar weight PEI in PEI/nucleic acid complexes promotes high
transfection efficiency [28]. However, the toxicity of complexes using
high molecular weight PEI is also much higher than complexes
generated using lower molecular weight PEI [29, 30]. Regardless
of that limitation, PEI can condense SiRNA and facilitate endo-
somal escape [31], a desirable characteristic to allow SiRNAs to act
in the interior of cells. It has been shown that PEI-conjugated
CNT can increase transfection efficiency [2].
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To promote the release of SIRNA from CNT in the interior of
cells, non-covalent binding and stabilization of SiRNA by cationic
charge is preferable to covalent binding. The chemical procedure
to non-covalently associate CNT with SiRNA is relatively simple.
To combine the advantageous SiIRNA transfection properties con-
ferred by PEI and the properties of DSPE-PEG (which enable
non-covalent functionalization and dispersion of CNT) [10, 32, 33],
DSPE-PEG-PEI (DGI) was prepared and used to non-covalently
functionalize CNT, in a modification of the method of Liu et al.
[10]. The materials and methods pertinent to that preparation are
described below.

2 Materials

2.1 Synthesis
and Characterization
of Lipopolymer

2.2 Functionalization
and Characterization
of DGI/C

Prepare all solutions for SiRNA using nucleases-free water and
nuclease-free pipette tips. Prepare synthetic mixtures using ultra-
pure water, which is purified by deionized water and analytical
grade reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). Diligently follow all waste disposal
regulations when disposing waste materials. Store the DGI and
DGI/C at -80 °C after lyophilization. When measuring volumes
of liquids in high accuracy, allow solutions to equilibrate to room
temperature for 30 min prior to measurement of volumes.

1. Polyethylenmine (PEI, M,, 25,000, M, 10,000) (se¢ Note 1).

2. N-(3-Dimethylaminopropyl)- N'-ethylcarbodiimide hydrochlo-
ride (EDC) (see Note 2).

3. N-Hydroxysuccinimide (NHS).

4. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-[ carboxy
(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG-
COOH) (see Note 3).

5. Dimethyl sulfoxide (DMSO).

6. 0.1 M 2-( N-morpholino)ethanesulfonic acid (MES), pH 5.5
buffer: Dissolve 1.952 g of MES in 90 mL of water and adjust-
ing pH to 5.5, then adjusting the volume to 100 mL with water.

7. Regenerated cellulose dialysis membrane: 50 kDa molecular
weight cut-oft (MWCO).

8. Deuterated water (D,O).
9. NMR tube.

1. Purified single-walled carbon nanotubes (95 %, Nano-C)
(see Note 4).

2. Vacuum filtration with stainless steel screen (filter cylinder,
base, screen, and vacuum flask).

3. 0.22 pm nylon filter.
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2.3 Materials

and siRNA for In Vitro
Transfection

and In Vivo Delivery

N O\ Ul
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. Centrifugal filter unit, 100 kDa MWCO.

. Carbon-coated copper grid for TEM.

. Reverse tweezers.

. 50x TAE bufter: add 242 g of Tris—OH, 57.1 mL glacial acetic

acid, 100 mL of 500 mM EDTA to 800 mL water; adjust pH
to 8.3 and then adjust the volume to 1 L.

. Agarose.
. 6x DNA loading bulffer.

. SIRNA: Double-stranded SiRNAs Silencer® Cy™3 Labeled

GAPDH SiRNA siGAPDH and Luciferase GL2 Duplex (siS-
cramble) were used in our experiment.

. Nuclease-free water.
. RNase-free pipette tips.

. 10 % glucose solution (se¢ Note 5).

3 Methods

3.1 Synthesis

of 1,2-Distearoyl-sn-
Glycero-3-Phospho-
ethanolamine-N-
Poly(Ethylene
Glycol)-Poly
(Ethylenimine) (DGI)

Carry out all procedures at room temperature (25 °C) unless oth-
erwise specified.

1.
2.

12.

Dissolve 1 g of PEI in 50 mL of MES bufter and mix well.

Add 200 pL (0.5 mg, 0.175 pmol) of 2.5 mg/mL DSPE-
PEG-COOH to a glass round bottom flask.

. Dry the lipopolymer in chloroform with purging with com-

pressed air.

. Weigh out 1 mg (5.2 pmol) of EDC.
. Add 5 mL of DMSO to the dried polymer and then add the

EDC.

. Put a magnetic stir bar into the solution and stir the mixture

with magnetic stirring for 15 min.

. Put desired amount of PEI solution and MES buffer into a

container and mix well (se¢ Note 6).

. Add the PEI solution into the DSPE-PEG-COOH solution

(see Fig. 1).

. Cap the flask with a rubber or glass stopper.
10.
11.

Allow the reaction to proceed overnight.

Dialyze the reaction mixture using a dialysis membrane
(MWCO 50 kDa) against deionized water for 48 h. Change
the water every 4-6 h during dialysis.

Lyophilize the product for 2 days (see Note 7).
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Fig. 1 Synthesis of DGI. Reaction scheme of DGI. DSPE-PEG-COOH was activated with EDC and then PEI was

added for the conjugation

13.
14.
3.2 Nuclear 1.
Magnetic Resonance
("H-NMR) of DGI 2
3

Analyze the product by '"H-NMR (see Subheading 3.2).

Optional analysis: size exclusion chromatography (se¢ Note 8).

Dissolve 0.2 mg of the product from Subheading 3.1 in 0.5 mL
of deuterated water for '"H NMR analysis.

. Transfer the polymer solution to an NMR tube.
. Record the 'H-NMR at room temperature and use D,O as the

reference solution.

4. Set the acquisition delay to 5 s.

3.3 Non-covalent 1.

Functionalization
of SWCNT by DGI

9]

. Record the spectrum for 128 scans.

. Calculate the ratio between the peaks of PEI to PEG (see Fig. 2)

to determine if the synthesis was successful (see Note 9).

Weigh out 5 mg of DGI in a 50 mL polyethylene centrifuge
tube (see Note 10).

. Add 20 mL of water to dissolve the polymer (sec Note 11).
. Add 5 mg of SWCNT into the polymer solution (se¢ Note 12).
. Sonicate the solution for 1 h at 60 °C. Vortex the solution

every 15 min.

. Remove the undissolved CNT by vacuum filtration through a

0.22 p nylon filter (see Note 13).

. Collect the filtrate (see Note 14).

. Pour the filtrate into a centrifugal filter unit and remove the

unbound polymer by repeated centrifugation.

. Use 15 mL of water to wash the DGI/C. Repeat 3 times.
. Take out the concentrated DGI/C carefully by pipette into a

centrifugation tube.
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Fig. 2 'H-NMR of DGI. The polymers were dissolved in D,0 and the acquisition delay was 5 s

3.4 Gel Shift Assay

10.

11.
12.
13.

14.

15.

Remove the CNT residue by repeated centrifugation. Repeat
this process 3-5 times if the DGI/C is to be used in an in vivo
study.

Lyophilize the DGI/C solution (see Note 15).
Weigh out the dried DGI/C and store it at =80 °C.

Analyze the DGI/C/SIRNA by gel shift assay (see
Subheading 3.4).

Analyze the DGI/C by transmission electronic microscope
(TEM) (see Subheading 3.5).

Optional: Analyze the DGI/C/SiRNA by zeta potential mea-
surement (see Note 16).

This assay is to assess whether the dispersed CNT (DGI/C) is able
to condense the SIRNA.

1.

2.

3.

Dilute the SiRNA solution to 0.5 pg/pL using sterile deion-
ized water.

Dissolve the DGI/C solutions and dilute to 1 pg/pL
(see Note 17).

Prepare seven tubes of SIRNA solution containing 0.5 pg each
(i.e., 1 pL).
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Composition of DSPE-PEG-PEI in weight ratio calculated by 'H-NMR and molecular weight by SEC

PEL:DSPE-PEG ratio (feed) PEI:PEG ratio (H-NMR) M, M. PDI (M./M.,)
DGI5  6.6:1 5.0:1 13,440 21904 1.63
DGI 9 12.1:1 8.9:1 13245 21,256 1.60
DGI 18* 11.1:1 17.1:1 14,645 24,249 1.66

*DGI 18 was made by EDC/NHS coupling

3.5 Transmission
Electron Microscope

(TEM)

3.6 In Vitro siRNA
Transfection
with DGI/C/ siRNA

10.

11.
12.

. Prepare 1 pg/pL. DGI/C solutions in six additional tubes, and

prepare a blank tube without DGI/C.

. Prepare the DGI/C/SiRNA complexes by mixing equal vol-

umes of DGI/C with SiRNA, or prepare mixtures as shown in
Table 1 (see Note 18).

. When preparing DGI/C/SiRNA complexes as described in

step 5, add DGI/C solutions into SiRNA solutions and mix
well (see Note 19).

. Incubate the DGI/C/SiRNA solutions for 30 min.
. Prepare a 0.8 % agarose gel in TAE bufter (w/v) (see Note 20).
. Mix loading dye with DGI/C/SiRNA solutions using 2 pL of

6x loading bufter (see Note 21).

Put the gel into the gel tank and load the samples into the
wells.

Perform electrophoresis for 15 min.

Visualize the SiRNA using a UV illuminator and photograph
the gels.

This technique is to assess whether the dispersed CNT (DGI/C) is
singly dispersed.

1.
2.

Use reverse tweezers to hold the edge of the copper grid.

Put the tweezers with the copper grid on a flat surface. Place
the front (shiny side) of the grid facing upward.

. Add 20 pL of 10 pg/pL. DGI/C solution onto the copper grid.
. Incubate the solution for 10 min (se¢ Note 22).

. Remove the solution by putting a small piece of tissue paper at

the edge of the copper grid without touching the grid.

. Dry the copper grid in air overnight (Table 2).

1. Dilute 2 pg of SiRNA into 10 pL (see Note 23).

. Dilute 10 pg of DGI/C into 10 pL.
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Table 2
A reference table for mixing solution for gel shift assay

Well 1 2 3 4 5 6 7
DGI/C:siRNA ratio (w/w) 0 0.5 1 15 2 25 3
Vol. of siRNA solution (pL) 1 1 1 1 1 1 1
Vol. of water (pL) 4 4 4 4 4 4 4
Vol. of DGI/C solution (pL) 0 025 05 075 1 125 15
Vol. of water (pL) 5 475 45 425 4 375 35

3.7 InVivo siRNA

. Put the DGI/C solution into SiRNA solution and mix well.
4. Incubate for 30 min.

. These solutions can be added into tissue culture wells contain-

ing mammalian cells, to transfect SIRNA into those cells.

. Dilute 200 pg of Cy3-labeled SiRNA into 100 pL (se¢ Note

Delivery Using DGI/C/ 24).
SiRNA 2. Dilute 600 pg of DGI/C into 100 pl. RNase-free water.
. Add DGI/C solution into SiRNA solution and incubate for
30 min.
4. Add 200 pL of 10 % glucose solution and mix well.
. The solution is ready for injection into mice (20 g body weight).
4 Notes

. PEI is hygroscopic and it should be stored under nitrogen.

If not, it will take up water and weights will be inaccurate.

. If stored at -20 °C, EDC should be allowed to return to room

temperature before opening the bottle to prevent hydrolysis.

. DSPE-PEG-COOH is available as a solution in chloroform or

as a dry powder. It is important to keep in mind that chloro-
form is a volatile solvent and can vaporize, even when stored
under freezing conditions. The amount of DSPE-PEG-COOH
will not be accurate if vaporization occurs.

. CNT of greater purity can be obtained by prolonging the soni-

cation time.

. Sterile 10 % glucose can be made by dissolving 1 g of glucose

in 10 mL of water followed by filtration through a sterile
0.22 p filter.

. The amount of PEI in MES buffer for DGI 5 and DGI 9 are

165 pL and 302 pL, respectively. The amount of MES buffer
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added should be 4.84 mL and 4.68 mL, respectively. Reference
amounts of PEI are as follows: for DGI 18, use 100 pL of
DSPE-PEG-COOH (2.5 mg/mL; 0.09 pmol), 0.50 mg
(2.6 pmol) of EDC, and 0.20 mg (0.18 pmol) of NHS. It is
easier to add an aliquot of dissolved EDC/NHS into the
DSPE-PEG-COOH solution. The reaction is prone to errors
as a consequence of scale-up etfects and conditions may have
to be optimized.

7. If the volume of the diluted polymer solution is too great,
purging the solution with compressed air overnight may reduce
the volume. DSPE-PEG-PEI might accelerate trans-amination
at high temperature and the use of a rotary evaporator should
be avoided. Trans-amination might lead to products with
higher molecular, which is not ideal for transfection into cells
and tissues.

8. Size Exclusion Chromatography (SEC) is to determine if there
were any unreacted DSPE-PEG or PEI in the DGI, it can also
be used to determine if the conjugation was successful by com-
paring with the PEI alone. Use 0.2 M ammonium acetate/
acetic acid (pH 5.3) as mobile phase, flow rate 1 mL/min, at
room temperature for 35 min per run. Prepare the samples at
a concentration of 10 mg/mL in water, filter through 0.2 pm
Supor membrane filters, and inject with a 100 pL volume loop.
Calibration curves should be generated using PEO /PEG stan-
dards. Molecular weights can be calculated using Empower 3
software (Waters). The following standard molecular weights
were used in our calculations: 615, 1010, 3930, 12,140,
20,000, 31,380, 71,700, 106,500.

9. NMR is an exceptionally useful technique to understand the
structure of a molecule or the ratios of two polymers in a co-
polymer. It is also a specialized instrument which requires train-
ing for successful, safe, and accurate use. Follow guidelines for
use of the instrument in your workplace and ask for help if you
did not know how to proceed. The chemical shift of the peaks
from & 2.5-3.5 were from PEI, the presence of the peaks from &
3.0-3.5 are characteristic of successful conjugation, and the peak
at d 3.68 was from PEG. The integration of the PEG peak was set
to 180 (corresponding to 45 repeat units) and then the PEL:PEG
weight ratio was calculated using the following equation:

Weight ratio of PEI : PEG =
((Integral of PEI peak — 2 for DSPE methylene) / 4H per PEI monomer) x43g / mol
(Integral of PEG peak / 4H per PEG monomer)x 44 g / mol

The 'H NMR of PEI can be used for comparison.
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DGI is a sticky polymer. Rather than weighing it out using
weight paper, weigh it out in a plastic tube and add, by pipette,
the amount of water necessary to obtain the desired solution.

Vortex or sonication may help dissolve the polymer. Store the
polymer in -80 °C to preserve its integrity. If the polymer
comes out of solution it should not be used to functionalize
CNTs.

Static electricity can be troublesome when weighing out
SWCNT using weighing paper. That can be overcome by using
aluminum foil as a substitute for the weighing paper.

Follow the filtration setup as provided by the supplier. The
setup order used by us was: filter cylinder, filter membrane,
screen, base, and vacuum flask. Check if there is leakage in the
system. Stop pour DGI/C solution into the system if it leaks.
Wrapping the connection between the funnel cylinder and the
base tightly with plastic wrap or parafilm may help to prevent
leakage. Keep in mind that some filter membranes must be
wetted with methanol or ethanol before adding water.

“Filtrate” (the aqueous portion) refers to the liquid after filtra-
tion inside the vacuum flask. The filtrate contains water-soluble
DGI/C.

If a small tube of the DGI/C is lyophilized, wrap the tube with
parafilm and pierce it the parafilm with a needle to create an exit
point for vapor. This will prevent the sample from escaping
from the tube during lyophilization and pressure equalization.

Zeta potential is a measure to determine colloidal stability of
the DGI/C/SiRNA complexes. The colloidal complexes were
stabilized by the repulsive charge on the surface (to prevent
flocculation) and higher the magnitude of the zeta potential
(negative or positive), the more likely the colloid to be dis-
persed. The DGI/C/SiRNA prepared should be positively
charged in order to prevent precipitation and facilitate cellular
uptake. To determine zeta potential, prepare the DGI/C/
SiRNA complexes using 5 pg of SiRNA dissolve in 1 mL
of deionized water and desired amount of DGI/C (eg. For
DGI/C:SiRNA ratio of 2:1, mix 10 pg of DGI/C in 10 pL
and 5 pg of SIRNA in 10 pL an incubate at room temperature
for 30 min). Follow the instruction of the zeta potential
machine. Use the same source of water to clean and rinse the
flow cell or disposable cell.

Diluted DGI/C should always be stored at -80 °C. Always
have a concentrated solution or most of the aliquot stored at
-80 °C. Alternatively, it can be stored in the dried form.
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DGI/C is able to complex with SiRNA at a ratio of 1:1
(w/w) and 2:1 for DGI/C 18. If it cannot inhibit the SIRNA
migration effectively at all ratios (the migration distance of
naked SiRNA and DGI/C/SiRNA complexes are the same),
the DGI/C cannot effectively interact with SIRNA.

Tap the tube with your finger to mix the solution.

TAE buffer can be made by diluting the 50x stock solution
into 1x TAE buffer. The gel can be made by adding 0.8 g
of agarose into 100 mL of 1x TAE buffer. Heat the agarose/
buffer mixture to boiling (microwave for 1.5-2 min, depend-
ing on the microwave power) but do not allow to boil for more
than a few seconds. Wait until the solution has cooled to 50 °C
and then add 10 pL of EtBr solution. Mix the solution well
and pour it into the gel tray and insert the comb. Cool to room
temperature (approximately 25 °C) until completely solid.

15-20 min of electrophoresis run time is usually sufficient to
determine whether RNA is associated with complexes.

The conditions depend on the concentration of DGI/C and
on the CNT. Optimization might be necessary if a different
source or purity of CNT was used.

Optimize the ratio and amount of DGI/C and SiRNA by first
determining the amount of toxicity exerted by 48 h of expo-
sure of the cells of interest to DGI/C using a trypan blue dye
exclusion assay (do not use MTT assay because CNT interact
with MTT) or propidium iodide staining. A minimum cell via-
bility of 80 % should be obtained. Use a ratio of DGI /C:SiRNA
ranging from 2:1 to 10:1. If transfection efficacies were low,
use a higher DGI/C:SiRNA ratio and/or a larger amount of
SiRNA. To avoid unacceptable levels of toxicity, the lowest
DGI/C:SiRNA ratio and least amount of SiRNA consistent
with adequate knockdown of target mRNA is recommended.
Cy3-labeled SiRNA is recommended to visualize SiIRNA local-
ization in various organs after in vivo administration. Optimize
the amount of DGI/C and SiRNA if necessary. The total vol-
ume can be reduced. Glucose solution instead of PBS or saline
should be used.
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Chapter 14

SiRNA In Vivo-Targeted Delivery to Murine Dendritic Cells
by Oral Administration of Recombinant Yeast

Kun Xu, Zhongtian Liu, Long Zhang, Tingting Zhang, and Zhiying Zhang

Abstract

SiRNA therapeutics promise a future where any target in the transcriptome could be potentially addressed.
However, the delivery of SiRNAs and targeting of particular cell types or organs are major challenges.
A novel, efficient, and safe delivery system for promising the introduction of SiRNAs into particular cell
types within living organisms is of great significance. Our previous studies have proved that recombinant
protein (MSTN) and exogenous gene (EGFP) as vaccines, and furthermore functional CD40 shRNA
expression can be delivered into dendritic cells (DCs) in mouse by oral administration of recombinant
yeast (Saccharomyces cerevisine). Here, we describe the details of the promising and innovative approach
based on oral administration of recombinant yeast that allows in vivo-targeted delivery of functional
SiRNA to murine intestinal DCs.

Key words SiRNA, Targeted delivery, Dendritic cells, Oral administration, Yeast, S. cerevisine

1 Introduction

RNA interference (RNAi) is known as a natural gene silencing pro-
cess in eukaryotic cells mediated by one kind of short RNAs,
named as small interfering RNAs (SiRNAs) [1, 2]. Short hairpin
RNAs (shRNAs) are the precursors of SiRNAs, which are synthe-
sized in the nucleus and processed to be SiRNAs in cytoplasm [3].
RNAI functions to knock down the expression of a target gene
with high specificity at the transcriptional level [4-7], where any
target in the transcriptome including previously “undruggable”
targets could be potentially addressed. shRNA /SiRNA mediated
gene regulation has been emerged as a commonly used technique
tfor gene manipulation. However, delivery of these small RNAs and
targeting of particular cell types or organs are still major challenges.
A novel, efficien, and safe delivery system for the introduction of
SiRNAs into particular cell types within living organisms is of great
significance.
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Proteins have been proved to be successtully delivered into
dendritic cells (DCs) by yeast [8-11] without being degraded in
the digestive environment [12]. Also, our previous study demon-
strated that recombinant protein (MSTN) [13, 14] and exogenous
functional gene (EGFP) [15] can be in vivo delivered into murine
DCs by oral administration of recombinant yeast (Saccharomyces
cerevisine, S. cevevisine). We hypothesize that we can regulate the
expression of particular genes in DCs by targeted delivery of func-
tional SiRNAs with oral administration of recombinant yeast har-
boring correspondingly designed shRNA expression vectors.

DCs function as professional antigen-presenting cells (APCs)
both in innate and adaptive immune responses [ 16-19]. We chose
to knock down the expression of CD40, which is an activation
receptor [20] related to the maturation of DCs [21], and the inter-
ference may influence immune responses [6, 22-26] and contrib-
ute to the immunotherapy for allergy [27], autoimmune renal
disease [28], and inhibition of arthritic disease [29]. On the other
hand, previous reports suggested that enhanced suppression could
be achieved by introducing a small nuclear RNA (snRNA) leader
sequence after the U6 promoter and flanking the target shRNA
design with an endogenous miRNA (miR30) sequence [30-33].
To test our hypothesis for SIRNA in vivo targeted delivery, we gen-
erated miR30-based shRNA expression vectors for CD40 target-
ing, and results from mice with oral administration of the
recombinant yeast demonstrated that functional CD40 shRNA/
SiRNAs were successfully introduced to DCs [34].

The principle for our yeast-mediated SIRNA targeted delivery
system is diagrammatically shown in Fig. 1. Briefly, after the oral
administration, recombinant yeast is recognized and swallowed by
DCs; the shRNA expression vector is transported from yeast to the
nucleus of DCs and transcribed into pri-shRNA; pri-shRNA is sub-
sequently processed into pre-shRNA by the RNase III enzyme
Drosha; with the help of Exportin-5, pre-shRNA is transported to
the cytoplasm; pre-shRNA is further processed into mature SIRNA
by Dicer; SiRNA functions with Ago/RISC leading to target
mRNA cleavage and degradation.

The yeast-mediated SiRNA targeted delivery system promises
an innovative and safe approach for in vivo targeted delivery of
functional SiRNAs to intestinal DCs in mouse with a time schedule
(Fig. 2) simply including several procedures as follows: construc-
tion of shRNA and reporter vectors and confirmation of shRNA/
SiRNA functional expression (3.1/3.2), preparation and oral
administration of recombinant yeast (3.3 /3.4), isolation of intesti-
nal DCs and detection of target gene expression (3.5/3.6).
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Oral administration of Recognition of yeast
recombinant yeast cells and intestinal DCs

Alimentary canal delivery
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Functional siRNA
processing

Fig. 1 Principle of yeast-mediated siRNA targeted delivery. After the oral administration, the shRNA expression
vector is transported from yeast to DCs, transcribed, and processed into mature siRNA leading to target mRNA
cleavage and degradation

2 Materials

2.1 Equipment . Nanodrop 2000 micro-spectrophotometer.
. Horizontal and vertical electrophoresis systems.

. Fluorescence microscope.

N I S

. Surgical scissors and knife; cytometer; stainless-steel sieve (200
and 400 mesh).
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Month Duration (week)
0 0
3.1
— 2
|, %% 3.1 Construction of ShRNA and reporter vectors
3.3
1 4 3.2 Confirmation of shRNA/siRNA functional expression

3.3 Preparation of recombinant yeast
3.4 Mice oral administration of recombinant yeast

2 3.4 3.5 Isolation of intestinal dendritic cells

3.6 Detection of target gene expression

— 11
3.5/13.6

3 12

A

Fig. 2 Timeline for performing yeast-mediated siRNA targeted delivery. Required time for each procedure is
just estimated for reference, and may be adjustable and optimizable according to the detailed experiment
design

. Blood cell counting chamber; light microscope.
. MACS separator.
. Trans-Blot cell (see Note 1).

. Horizontal shaking table.

O 0 N O Ul

. ChemiDoc XRS imaging system (se¢ Note 2).

—

2.2 Plasmids, Cells, . pRS426, a typical shuttle vector containing origins of replica-
and Mice tion as well as selectable markers for both E. co/z (oriE, ampR)
and S. cerevisine (2 pm, URA3) (see Note 3).

2. pRS426-CMV-GFP-polyA, a vector based on pRS426, con-
taining a T2A-EGFP open reading frame (ORF) driven by the
CMV promoter (sec Note 4).

3. Escherichin coli DH5a competent cells (see Note 5).

4. Saccharomyces cevevisine IMY1 (MATa his3-A1 trpl-289radl-A
ura3-52) (see Note 6).

5. Human 293T cells (se¢ Note 7).
6. C57BL/6 mice aged 7-10 weeks (see Note 8).

2.3 Growth Media 1. Culture E. coli DH5a cells at 37 °C with standard LB medium.
Select and culture DH5a« cells harboring related plasmid using
LB supplemented with 100 pg/mL ampicillin.
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. Culture 8. cerevisine JMY1 cells at 30 °C with standard YPDA

medium. Select and culture JMY1 cells harboring shRNA
expression or the parental vector with SD /-Ura medium.

. Routinely maintain human 293T cells in DMEM medium sup-

plemented with 10 % fetal bovine serum (FBS) at 37 °C with 5
% (v/v) CO,.

. Agarose; 10 mg/mL EB.
. Standard PCR reagents (Taq; dNTP; PCR bufter).
. Human 293 T and mouse NIH 3 T3 genome DNAs (see Note

9).

. 1x TBE: Dilute the 10x 890 mM Tris-boric acid, pH 8.3, 20

mM EDTA 1:10 with distilled water.

. Restriction enzymeKpnl, Sall, Sacl, EcoRl, and Xhol with

buffer supplied.

. T4 DNA ligase with buffer supplied.
. PCR primers for hU6L27: hU6-F (5'-TTGggtaccCCCGAGT

CCAACACCCGTGGG-3', Kpnl), hU6-R (5'-CTAgtcgacTA
GTATATGTGCTGCCGAAGCG-3, Sall).

. miR30 sequence synthesized (see Note 10):

5'-(8all)gtcgacTAGGGATAACAGGGTAATTGTTTGA
ATGAGGCTTCAGTACTTTACAGAATC
GTTGCCTGCACATCTTGGAAACACTTGCTGGGATT
ACTTCTTCAGGTTAACCCAACAGAAGGctc
gag(Xhol ) AAGGTATATGCTGTTGACAGTGAG
CGCCgaattc(EcoRI)CTGGTTCAAGGGGC
TACTTTAGGAGCAATTATCTTGTTTAC
TAAAACTGAATACCTTGCTATCTCTTTGATACA
TTTTTACAAAGCTGAATTAAAATGGTAT
AAATTAAATCACTTTTT Tgagcte (Sacl)-3'.

. PCR primers for miR30-shRNA (Take CD40shRNA309 as an

example [34], see Note 11):
CD40shRNA309-R1,
5'"-TACATCTGTGGCTTCACTAGATTGGG
TTCACAGTGTCTGTTCGCTCACTGTCAACAGCA-3,
CD40shRNA309-R2,
5'"- TTCCGAGGCAGTAGGCACACAGAC
ACTGTGAACCCAATCTACATCTGTGGCTTCACTA-3/,
EcoRI-R, 5'-CTTgaattcCGAGGCAGTAGGCA-3" EcoRI.

DNA gel extraction kit.

Reagents for LB medium.

100 mg/mL ampicillin. Store at -20 °C.

Test tubes; 90 mm plates; sterile 1.5 mL tubes.
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2.5 Confirmation of
shRNA/siRNA
Functional Expression

2.6 Preparation
of Recombinant Yeast

2.7 Isolation
of Intestinal Dendritic
Cells

14

15.

QN UL N~

10.
11.

8]

E. coli plasmid mini preparation Kkit.

Sequencing primers: M13F (-47), 5-CGCCAGGGTTTTC
CCAGTCACGAC-3'; M13R (-48), 5-AGCGGATAACA
ATTTCACACAGGA-3'.

. Cell culture 6-well plates; sterile 1.5 mL tubes.

. DMEM medium supplemented with 10 % FBS.

. Sofwnst transfection reagent (see Note 12).

. Total RNA and cDNA preparation kits (se¢ Note 13).
. Standard PCR reagents.

. PCR primers:

miR30.F, 5-AGAATCGTTGCCTGCACATC-3’;
miR30.R, 5'-GAGATAGCAAGGTATTCAG-3’

. YPDA medium; SD/-Ura medium; LB/Amp plates and liquid

medium.

. Test tubes; 90 mm plates; 250 mL/2 L Erlenmeyer flasks;

sterile 1.5 mL /50 mL tubes.

. 10x Lithium acetate stock: 1 M lithium acetate in distilled

water. Store at 4 °C.

. PEG stock: 50 % w/v PEG in distilled water. Store at 4 °C

(see Note 14).

. SS-DNA: 2 mg/mL Salmon sperm DNA. Store at -20 °C

(see Note 15).

. Transformation mix (360 pL in total per transformation):

240 pL PEG (50 % w/v), 36 pL 1.0 M lithium acetate, 50 pL
SS-DNA (2.0 mg/mL), X pL plasmid DNA, 34-X pL sterile
ddH,O.

. Yeast plasmid mini preparation Kit.
. E. coli plasmid mini preparation kit.

. Restriction enzymeKpnl, EcoRI and Xhol with buffer

supplied.
Reagents for agarose gel electrophoresis.

PBS Bufter: 137 mM sodium chloride, 2.7 mM potassium
chloride, 10 mM sodium hydrogen phosphate, 2 mM potas-
sium hydrogen phosphate.

. Sterile 1.5 mL/50 mL tubes.
. PBS buffer; FBS.
. Digestive juice I: PBS added 1 mM EDTA, 1 mM dithiothrei-

tol, and 10 % EBS.

. Digestive juice II: PBS added 100 U/L collagenase IV and

10 % FBS.
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5. Buffer III: PBS added 2 mM EDTA and 0.5 % bovine serum
albumin (BSA).

6. MACS magnetic cell sorting reagent kit.

1. Sterile 1.5 mL tubes.

2. RIPA lysis buffer: 100 Mm PMSF Stock, 6x SDS loading
bufter, stripping bufter (se¢ Note 16).

3. 1xTris-glycine running buffer: Dilute the 5x stock (125 mM
Tris; 1.25 M glycine; 0.5 % w/v SDS) 1:5 with distilled water.

4. Transfer buffer: 48 mM Tris; 39 mM glycine; 0.037 % w/v
SDS; 20 % v/v methanol.

5. TBST buffer: 20 mM Tris—HCI, 150 mM sodium chloride,
0.05 % v/v Tween20.

6. Blocking buffer: 5 % skim milk in TBST.

7. Primary antibodies (see Note 17): Rabbit anti-mouse CD40
polyclonal antibodies, rabbit anti-mouse f-actin polyclonal
antibodies.

8. Secondary antibody: HRP-conjugated goat anti-rabbit
antibody.

9. Immobilon™ Western Chemiluminescent HRP Substrate (see
Note 18).

3 Methods

3.1 Construction of
shRNA and Reporter
Vectors

To establish the yeast-mediated SIRNA delivery system, firstly the
human U6 promoter sequence along with a 27nt snRNA leader
and the miR30 sequence with intent restriction enzyme sites are
introduced into the backbone vector pRS426, a typical shuttle vec-
tor for both E. cols and 8. cerevisine, to construct an enhanced
shRNA expression vector (see Note 19). Secondly, the gene of
interest (Gol)-EGFP cassette driven by CMV promoter for
reporter mRNA fusion is designed and introduced with the same
backbone vector. All the plasmid vectors are constructed simply by
standard double digestion and ligation cloning method (Fig. 3).
The following procedure describes the details for construction of
the shRNA expression and EGFP reporter vectors.

1. Construction of pRS426-hU6L27: Perform standard PCR
reaction (Template 293 T genome DNA; primers hU6-F/R)
to amplify the hU6 promoter and the leader sequence. Isolate
the resulting products from agarose gel (1 % agarose in 1x
TBE, running buffer: 1x TBE). Perform standard double-
restriction digestion for the hU6L27 fragment and pRS426
with Kpnl/Sall, and isolate the intent fragments from agarose
gel. Perform standard ligation reaction, transform E. coli
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Fig. 3 Schematic drawing for the construction of ShRNA and reporter vectors. For shRNA expression vector, the
human U6 promoter sequence along with a 27 nt snRNA leader and the flanking miR30 sequence were intro-
duced to enhance the suppression. For the reporter vector, the gene of interest (Gol) were designed to be
transcribed along with EGFP as a single-reporter mRNA fusion

DH5a competent cells, and select positive colonies on LB/
Amp plates. Culture positive colonies, harvest plasmid DNA,
double digest with Kpnl/Sall, and run agarose gel to confirm
positive clones. Finally, sequence with M13F (-47) primer to
confirm the sequence.

2. Construction of pRS426-hU61L.27-miR30: Synthesize miR30
sequence directly with Xhol / EcoRI sites introduced (see Note
10) and insert it into the Sa/l/Sacl sites of pRS426-hU6L27
similarly by standard double digestion and ligation cloning

method. Confirm positive clones by double digestion with
Sall /Sacl and sequencing with M13R (-48) primer.

3. Construction of pRS426-hU61.27-miR30-shRNA: To con-
struct the miR30-shRNA expression vector, a method of three-
step sequential PCR was developed (see Note 11). Generally,
use plasmid pRS426-hU6-miR30 as template for the first step
PCR, and the gel purified product from the preceding PCR
step for the second and the third steps. The primers used in
each step were: hU6-F/shRNA-R1, hU6-F/shRNA-R2 and
hU6-E/EcoRI-R, respectively. Insert the final product into
the Kpnl/EcoRI sites of pRS426-hU6L27-miR30 also by
standard double digestion and ligation cloning method.
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Confirm positive clones by double digestion with X4l / EcoR1
and sequencing with M13R (-48) primer.

4. Construction of the reporter vector (see Note 4): Perform stan-
dard PCR reactions for CMV promoter, T2A-EGFP-polyA and
Gol fragments with pEGFP-C1, pLenti-EFla-Blank, and NIH
3 T3 genome DNA as templates to construct pRS426-CMV,
pRS426-CMV-GEP-polyA, and pRS426-CMV-Gol-GFP-
polyA, respectively (Fig. 3). Also construct these plasmids by
standard double digestion and ligation cloning method, and
confirm positive clones by double digestion and sequencing.

To confirm the shRNA/SiRNA functional expression before oral
administration of recombinant yeast, the EGFP reporter vector
pRS426-CMV-Gol-GFP-polyA is suggested to be constructed,
and used to transfect 293 T cells with the shRINA expression vector
pRS426-hU6L27-miR30-shRNA or the control parental vector
pRS426-hU6L27-miR30. Check the intensity of EGFP fluores-
cence to confirm indirectly the shRNA /SiRNA functional expres-
sion and suppression on Gol-EGFP reporter mRNA fusion (see
Note 20). Conduct RT-PCR to confirm miR30-shRNA expres-
sion directly (see Note 21).

1. Prepare and co-transfect 293 T cells with the EGFP reporter
vector and shRNA expression or the control parental vector
within 6-well plate using Sofast transfection reagent according
to the manual. Check and compare the fluorescence between
experimental and control groups 24 h after transfection by a
fluorescent microscope.

2. Harvest transfected 293 T cells 24 h after transfection (see
Note 22). Prepare total RNA and subsequently cDNA with
corresponding reagent kits according to standard manuals (see
Note 23).

3. Perform standard PCR reaction using the cDNA as template
with primers miR30.F/R. Check the PCR products with aga-
rose gel (1.5 % agarose). The PCR fragment for miR30-shRNA
should be longer (68 bp) with shRNA inserted than the con-
trol (Fig. 4a).

After confirming the miR30-shRNA functional expression, the
shRNA expression vector and the control parental vector are used
to transform the yeast strain JMY1, separately. Positive colonies are
picked, confirmed, and cultured to prepare yeast transtormants for
oral administration.

1. Transformation of yeast cells: The yeast strain JMY1 was trans-
formed using LiAc method (see Note 24) as described by Gietz
et al. [35-37]. Briefly, inoculate a single colony of JMY1 in
2 mL YPDA with shaking overnight at 30 °C; 1:50 inoculate
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Fig. 4 Detection for the expression of sShRNA and gene of interest. (a) RT-PCR detection for the shRNA expres-
sion. (b) Western blotting for the expression of gene of interest (Gol)

50 mL YPDA and incubate at 30 °C on a shaker at 200 rpm
until ODg=0.5 (see Note 25); harvest the culture and wash
twice with sterile water and once with 100 mM LiAc; resus-
pend the cells in the 360 pL transformation mix (see Note 26)
and heat shock in a water bath at 42 °C for 45 min; centrifuge
and resuspend the cells in 200-1000 pL sterile water (see
Note 27); plate 200 pL on SD /-Ura plates and incubate for at
least 3 days at 30 °C.

2. Pick and incubate positive colonies in SD/-Ura liquid medium
with shaking overnight at 30 °C and extract yeast plasmid
DNA with corresponding reagent kit according to standard
manual, the remaining culture was stored at 4 °C directly or at
-20 °C with 20 % glycerol for the subsequent inoculation.

3. Transform E. coli DH5a competent cells with the yeast plas-
mid extractions. Plate on LB/Amp plates and incubate over-
night at 37 °C.

4. Pick and incubate positive colonies in LB /Amp liquid medium
with shaking overnight at 37 °C, and extract plasmid DNA
with plasmid mini preparation kit according to standard
manual.

5. Double digest with Kpnl/EcoR1, Xhol / EcoRI and run agarose
gel to confirm the plasmids recovered from yeast transformant
colonies as the shRNA expression or control parental vector.

6. Large scale preparation of recombinant yeast: Inoculate 1 mL
the remaining culture (step 2) of confirmed single transfor-
mant colony in 50 mL SD/-Ura liquid medium with shaking
overnight at 30 °C; 1:50 inoculate 1 L SD /-Ura liquid medium
until ODggo=1.0 (se¢ Note 28); harvest the culture with cen-
trifuge at 3000 x g for 5 min; wash with sterile water for twice;
resuspend cells in 40 mL PBS buffer (see Note 29); aliquot
into 1 mL in sterile 1.5 mL tubes; and store at =20 °C until
oral administration.
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1. Mice and diets: Five female C57BL/six mice aged 10 weeks
are suggested to be randomly allocated to one experiment or
control group. House under standard conditions of room tem-
perature and dark-light cycles with plenty of food and water.

2. Oral administration of yeast (see Note 30): Feed the experi-
ment group with yeast transformant harboring the shRNA
expression vector and the control group with that harboring
the control parental vector. The oral administration will be
performed for 50 days with about 5x 108 yeast cells (400 pL
PBS Stock) per mouse every 3 days (see Note 31).

To prove directly that the shRNA/SiRNA expression has been
delivered to and functioned in the mouse intestinal DCs after the
oral administration, the intestinal DCs of the experiment and the
control mice are isolated separately (see Note 32) and subjected to
western blotting for the detection of target protein expression.

1. Sacrifice the mice of the experiment and the control groups
(by cervical dislocation), separate out the small intestines and
colons and wash with 4 °C precooling PBS containing 10 %
fetal bovine serum (see Note 33).

2. Cut the samples into tiny tissues (see Note 34) and digest with
20 mL digestive juice I with shaking at 155 rpm, 37 °C, for
40 min.

3. Centrifuge for digested fragments at 4 °C 1500 x4 for 5 min
and wash with precooling PBS for two times.

4. Further digest with 20 mL digestive juice II with shaking at
155 rpm, 37 °C, for 40 min (se¢ Note 35).

5. Filter through a stainless-steel sieve for digested cells and wash
with 5 mL precooling PBS for two times (see Note 36).

6. Resuspend the cells with 400 pL Buffer ITT (per 108 cells), add
100 pL anti-CD11c-conjugated magnetic cell sorting micro-
beads, and incubate at 4 °C for 30 min with gentle shaking.

7. Add 10 mL precooling Buffer IIT (per 10® cells), mix gently,
centrifuge at 4 °C 600 x4 for 10 min, discard the supernatant
completely, and resuspend the cells and microbeads with
500 pL Bufter III.

8. Wash MACS Separation Column with 500 pL Buffer III, and
settle it in the magnetic field of MACS Separator.

9. Add the cell suspension to MACS Separation Column, which
will adsorb the microbeads and conjugated cells when the sus-
pension flow through by gravity. Wash the column with 500 pL.
Bufter III for two times.

10. Remove the MACS Separator, and wash the column with
200 pL Buffer III to collect the sorted DCs.
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3.6 Detection 1.

of Target Gene
Expression

10.

Centrifuge for purified DCs at 4 °C 1500 x4 for 10 min, add
100 pLL RIPA Lysis Buffer with 1 mM PMSF and incubate on
ice for 30 min with gentle mix every 3 min (se¢ Note 37).

. Centrifuge at 4 °C 12000 x4 for 10 min, transfer the superna-

tants into new 1.5 mL tubes, add 20 pLL 6x SDS loading buffer,
mix well, and treat in boiling water for 10 min (see Note 38).

. Perform standard SDS-PAGE in 1xTris-glycine running buffer

and standard electrotransfer in transfer buffer (sec Note 39).

. Block the transferred membrane with 5 % skim milk in TBST

with gentle shaking at room temperature for 1 h.

. 1:1000-5000 dilute the primary antibody (against the Gol,

e.g., rabbit anti-mouse CD40 polyclonal antibodies, see
Note 17) with 5 % skim milk in TBST, incubate the membrane
at room temperature for 1-2 h, and wash with TBST for 3-5
times with gentle shaking for 10 min each time.

. 1:5000-10000 dilute (see Note 40) the secondary antibody

(HRP-conjugated goat anti-rabbit antibody) with 5 % skim
milk in TBST, incubate the membrane at room temperature
tfor 1-2 h, and wash with TBST for 5-6 times with gentle shak-
ing for 10 min each time.

. Detect reactive target protein by Bio-Rad ChemiDoc XRS

imaging system with Millipore Immobilon™ Western
Chemiluminescent HRP Substrate.

. Wash membrane once for 10 min with TBST, incubate the

membrane in Stripping Buffer with gentle shaking for 15 min,
and then wash the stripped membrane at least three times for
8 min each time.

. Repeat the blocking, antibody incubating, and imaging

(step 4—7) with primary rabbit anti-mouse f-actin polyclonal
antibodies for detection of the reference p-actin protein (see
Note 41).

Analyze intensity of different protein bands using the software
Quantity One. The Gol /B-actin ratios are calculated to assess
the relative expression of Gene of Interest (Fig. 4b).

4 Notes

. Trans-blot cells or semidry trans-blot instrument from other

manufacturers are alternative.

. Imaging systems from other manufacturers are alternative. The

imaging system should be capable for general agarose gel, poly-
acrylamide gel, and western blot chemiluminescent imaging.

. For the construction of shRNA expression and the parental

vectors, if pRS426 is not available, you may use another yeast
shuttle vector of your choice.
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. The vector was constructed previously for another research

project “Functional gene in vivo targeted delivery by yeast” in
our lab. Here, we just use it to construct the EGFEP reporter
vector pRS426-CMV-Gol-GFP-polyA, transcribing the Gol-
T2A-EGEFP reporter mRNA fusion (For the construction pro-
cedure, see Subheading 3.1). The EGFP reporter vector need
not be a yeast shuttle vector, for example, you can use pEGFP-
Cl with Gol-T2A inserted in front of the EGFP sequence
within one ORF. T2A was introduced because a direct Gol-
EGEFP protein fusion often diminish the fluorescence seriously.
Besides, the Gol-T2A-EGFP reporter mRNA fusion must be
designed within one ORF, if not available, an EGFP-T2A-Gol
mRNA fusion is alternative.

. For cloning and construction of related plasmid vectors; you

can also use another standard strain. You may purchase or pre-
pare the competent cells of your choice, and store them in a
-80 °C refrigerator before usage.

. Use as vehicle to deliver the particular shRNA /SiRNA. JMY1

is the private nomenclature of the strain in our lab; if not avail-
able, you may use another standard strain of your choice and
be aware to check the uptake of this strain by the particular
DCs in advance.

. Human 293 T were chosen as host cell to confirm the shRNA /

SiRNA functional expression (see Subheading 3.2) because of
the easy transfection. However, if available, mouse cell lines are
suggested, such as NIH 3 T3 and C2C12.

. Laboratory animals for in vivo delivery experiment; to make it

precisely, the mice should all be male or female. Kunming mice
and other species (such as fish and chickens) are also available
in our similar projects.

. The genome DNAs can be prepared with corresponding cells

using genomic DNA extraction kit or routine reagents and
protocols.

The miR30 sequence are flanked with Sa/l /Sacl sites for clon-
ing. You may choose other sites of your choice. The synthe-
sized DNA fragment may be provided within a plasmid by the
commercial manufacturer (e.g., we use pUC57-miR30 pro-
vided by Genscript, Nanjing, China).

The three-step sequential PCR was designed to introduce the
arrangement “Droshasite-shRNA left arm-miR30 Loop-
shRNA right arm-Drosha site” orderly. Replace the underlined
CD40shRNA309 sequences within the primers by the
sequences of your shRNAs in order to construct delivery vec-
tors against your favorite gene (Gol).

You may use other transfection reagents of your choice, such as
Lipofectamine 2000 (Invitrogen) and X-tremeGENE HP
(Roche).
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

27.

To guarantee the quality of total RNA and cDNA, we suggest
to use corresponding reagent kits. However, you can use rou-
tine reagents and protocols if you like.

For PEG stock solution, you may choose PEG3350, PEG4000,
PEG6000, or PEG8000 of your choice.

Denature SS-DNA in boiling water for 10 min, quickly chill
and keep on ice before use.

You may use those reagents provided by other manufacturers
or prepare by yourself according to routine protocols.

Choose appropriate primary antibodies against your target
gene. Beware that endogenous mouse antibodies may appear
on the membrane. If possible, avoid to use murine primary
antibodies and anti-mouse secondary antibodies.

You may use chemiluminescent HRP substrate provided by
other manufacturers of your choice.

The intent for introducing the snRNA leader and miR30
sequence was to construct an enhanced shRNA expression vec-
tor. However, whether a routine shRNA expression vector is
capable for the in vivo targeted delivery remains to be explored.

To quantify and further confirm the functional suppression on
GoI-EGFP reporter mRNA fusion, you may count EGFP
intense positive cells by flow cytometer and conduct RT-PCR
or western blotting to check the Gol or EGFP expression.

To further verify the shRNA/SiRNA expression and process-
ing, you may conduct Northern blotting to distinguish the pri-
shRNA, pre-shRNA and SiRNA (Fig. 3) here in the transfect
293 T cells or subsequently the isolated DCs.

You may harvest the cells 24-72 h after transfection.

For cDNA preparation the reverse transcription should be per-
formed with a specific primer located at 3’ end of the intro-
duced miR30 sequence.

There are different versions for the yeast transformation proto-
col by LiAc method. As we need not to require high transfor-
mation efficiency, you may choose any available protocol for
the transformation.

For the yeast transformation, ODyo between 0.4 and 0.8 will do.

Prepare transformation mix before use. To make the cell pellet
completely mixed, vortex vigorously and this usually takes
about 1 min. As alternative, you may resuspend cell pellet with
84 pL SS-DNA /Plasmid DNA mix, add 36 pL 1.0 M LiAc
mix quickly but gently, and then add 240 pL 50 % PEG and
Vortex.

The volume of resuspending sterile water should be estimated
according to previous transformation efficiency to make sure
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to generate suitable number of single colonies on the selecting
SD/-Ura plates.

For oral administration, ODgy, between 1.0 and 1.6 will do.

Usually, the yeast cells are considered as 5x107/mL when
ODyggp at 1.0. We suggest to resuspend the yeast cells from 1 L
culture with 40 mL PBS. Thus, one mouse will be given 400
pL PBS Stock (about 5 x 102 cells) once. However, to make it
precise, you may count the cells with blood cell counting
chamber under a light microscope before resuspending.

When feeding with yeast, remove water more than 6 h before
oral administration. Use Eppendorf micropipettor with 200
pL tips to aliquot the thawed yeast PBS stock, just put the tip
in front of the mouth of the thirsty mice, and feed drop by
drop. The mice will enjoy the feeding pleasantly. If the mice do
not like the yeast PBS stock, maybe you have to mix the yeast
cells into their diets.

We fed 2 mL (1 mL/tube) yeast PBS Stock for one group
(5 mice, 400 pL each) once, and the cell number was set at
about 5x108/mouse. The feeding period for our previous
“Yeast-mediated vaccine” projects was 45 days. Here we
suggest 50 days to ensure the delivery. However, the feeding
dosage and period further remain to be investigated.

All steps should be carried out on ice or at 4 °C. 2 or more mice
can be used for one treatment to ensure to get enough samples.

Remove mesenterium and fat from the small intestines and
colons as possible.

Cut the samples into tiny tissues as small as possible.

Make sure to digest the samples sufficiently in the two steps of
digestion, which will help with the subsequent filtering with
stainless-steel sieve and the yield of DCs.

Filter first with 200 mesh stainless-steel sieve and then
400 mesh to remove insufficient digested tissues. This will help
with the subsequent sorting with MACS Separation Column.
Count the cells with blood cell counting chamber before resus-
pending with Buffer III.

To make the lysis sufficient, short treatment with ultrasonic
may be given every 3—-5 min.

After lysis, do centrifuge to discard the gelatinous precipitate,
which contains the genome DNA and will disturb the subse-
quent gel loading.

Select suitable separating gel and optimize the transfer time for
your target protein.

The dilution factor depends on the quality of your antibodies.

You may use other reference gene (e.g., GAPDH or $-tubulin)
and choose corresponding antibodies of your choice.
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Chapter 15

TLR9-Targeted SiRNA Delivery In Vivo

Dewan Md Sakib Hossain, Dayson Moreira, Qifang Zhang,
Sergey Nechaeyv, Piotr Swiderski, and Marcin Kortylewski

Abstract

The SiRNA strategy is a potent and versatile method for modulating expression of any gene in various
species for investigational or therapeutic purposes. Clinical translation of SiRNA-based approaches proved
challenging, mainly due to the difficulty of targeted SiRNA delivery into cells of interest and the immuno-
genic side effects of oligonucleotide reagents. However, the intrinsic sensitivity of immune cells to nucleic
acids can be utilized for the delivery of SiRNAs designed for the purpose of cancer immunotherapy. We
have demonstrated that synthetic ligands for the intracellular receptor TLR9 can serve as targeting moiety
for cell-specific delivery of SiIRNAs. Chemically synthesized CpG-SiRNA conjugates are quickly internal-
ized by TLR9-positive cells in the absence of transfection reagents, inducing target gene silencing. The
CpG-SiRNA strategy allows for effective targeting of TLR9-positive cells in vivo after local or systemic
administration of these oligonucleotides into mice.

Key words TLR9, SiRNA, CpG, Cancer, Myeloid cells, Leukemia, Oligonucleotides

1 Introduction

The discovery of RNA interference (RNAi) mediated by small-
interfering RNA (SiRNA) created a unique opportunity for target-
ing almost any disease-related gene for therapeutic purposes [1-3].
The SiRNA-based therapies can overcome the challenges of non-
enzymatic proteins, such as transcription factors. Preclinical studies
in various disease models, including cancer, demonstrated in vivo
efficacy of RNAI in rodents [2] and in nonhuman primates [4].
Recent, first-in-human clinical trial confirmed gene silencing after
systemic delivery of SiIRNA to cancer patients [5]. Broad applica-
tion of SiRNAs is still limited by the lack of cell-specific delivery,
insufficient intracellular uptake, and cytoplasmic release. The effec-
tive target gene silencing usually requires encapsulating SiIRNA
into chemical formulations that may contribute to toxicities and
side effects [1, 2]. Previously, several strategies have been

Kato Shum and John Rossi (eds.), SIRNA Delivery Methods: Methods and Protocols, Methods in Molecular Biology,
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implemented to enhance targeted cell delivery by conjugating
SiRNAs with cholesterol, cationic peptides, cell-specific antibodies,
RNA aptamers, or ligands for cell surface receptors [ 3, 6. However,
many of these strategies result in endosomal entrapment of SiRNAs
with limited cytoplasmic release and thereby limited effect on tar-
get mRNAs [2].

We have recently developed an original method to deliver ther-
apeutic SiRNAs into specific target cells by targeting endosomal
receptor Toll-like receptor 9 (TLR9) [7]. TLR9-positive cells rec-
ognize and internalize single-stranded oligodeoxyribonucleotides
containing an unmethylated CpG motif (CpG ODN) [8, 9]. The
conjugates of CpG ODNs to Dicer substrate SiRNAs (CpG-
SiRNAs) [10] are actively internalized by human and mouse
TLR9-positive cells, without any transfection reagents [7, 11].
The CpG-SiRNA conjugates interact with Dicer after uptake into
early endosomes (EE). Importantly, TLRY plays essential role in
facilitating the release of uncoupled SiRNA from EE and traffick-
ing to RNA-induced silencing complexes (RISC) on the surface of
endoplasmic reticulum (ER) [12, 13]. The CpG-SiRNA process-
ing results in efficient target gene silencing in various human and
mouse TLR9-positive cells in vivo. These include hematopoietic
cells, such as dendritic cells (DCs), macrophages, and B cells, as
well as in certain blood cancers, e.g., in acute myeloid leukemia
(AML), multiple myeloma, or B cell lymphoma (BCL) [7, 11, 14].
The efficacy studies in mice demonstrated direct and /or immune-
mediated antitumor activity of CpG-SiRNAs targeting various
tumorigenic factors, including STAT3, STAT5, RELA/p65,
BCL2L1, or SIPR1 [11, 15, 16]. Overall, CpG-SiRNA strategy
allows for a two-pronged targeting of both cancer cells and immune
cells to augment therapeutic effects. In this chapter, we describe
methods for the design and application of CpG-SiRNA conjugates
to deliver SiRNA into specific target cells in mice, starting from the
oligonucleotide synthesis to local/systemic delivery into TLR9-
positive cells in vivo. Additionally, we discuss critical troubleshoot-
ing points for target cell selection and optimizing gene silencing
efficiency of CpG-SiRNA conjugates.

2 Materials

2.1 CpG-siRNA
Design and Synthesis

1. The CpG-SiRNA conjugates consist of Dicer substrate SIRNA
(25/27mer) [10] linked to the class A CpG/D19 (type A) or
CpG1668 (type B) for human- or mouse-optimized versions
of the reagent, respectively.

2. The two strands of the CpG-SiRNA are synthesized separately
using Akta OligoPilot100 (GE) as follows:

— SiRNA(SS)—25mer sense strand with or without fluoro-
chrome added to the 3’ end (se¢ Note 1).
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2.3 7 M Urea/
Polyacrylamide
(PAGE) Gel
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— 5-NNNNNNNNNNNNNNNNNNNNNNNJNAN-3’
— N=ribonucleotide; dN =deoxyribonucleotide.

— CpG-SiRNA(AS)—27mer antisense strand.

— Human version 5'-GGGGGGGG-linker-3'.

— Mouse version 5'-TCCATGACGTTCCTGATGCT-linker-
NNNNNNNNNNNNNNNNNNNNNNNNNNN-3'.

— The linker consists of 5 units of the C3 Spacer (Glen
Research, Sterling, VA); underlined are phosphorothioated
residues. The second nucleotide from the 3’ end of CpG-
SiRNA(AS) strand can be 2’O-methyl-modified to improve
stability.

. Both oligonucleotides are aliquoted and stored as lyophilized

pellets of 50 nmol each below -20 °C until use.

. 10x Collagenase D stock solution: Determine enzyme activity

in Wunsch units and prepare 4000 U Collagenase D per 1 mL
of HBSS with calcium and magnesium; before use dilute in
HBSS to 1x solution for tissue digestion.

. 10x DNase I stock solution: Dissolve 10 mg DNase I in 1 mL

of HBSS, and before use dilute in HBSS to 1x solution for
tissue digestion.

. 10x ACS butffer: For 1 L, dissolve 89.9 g NH,CI, 10.0 g

KHCO;, and 370 mg EDTA in milli-Q water, then adjust to
pH 7.3, and dilute to 1x buffer solution in water for erythro-
cyte lysis.

. Histopaque®-1083 for isolating viable cells from mouse

tissues.

. 10x TBE: For 500 mL, dissolve 54 g Tris base, 27.6 g boric

acid, and 10 mL 0.5 M EDTA, pH 8.0 in water, adjust to
pH 8.3, and dilute to 1x solution for gel running and
staining.

. 8 M Urea: For 200 mL, dissolve 96.1 g urea in water, and filter

the solution.

.7 M Urea/20 % acrylamide solution: For 200 mL, dissolve

88.2 g urea in 100 mL of 40 % acrylamide/bis-acrylamide
solution (19:1), adjust volume to 200 mL using milli-Q water
and filter the solution, se¢ Table 1.

. Ethidium bromide: Use 2 pL of ethidium bromide solution

(10 mg/mL) in 25 mL of 1x TBE buftfer for gel staining.

. Double-stranded RNA marker.

6. Nuclease-free water: DNase /RNase-free water.
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2.4 Flow Cytometry
Reagents

2.5 Time-Lapse
Gonfocal Microscopy
Reagents, Instruments
and Software

2.6 In Vivo CpG-
SiRNA Delivery

Table 1
Composition of 7 M urea/15 % PAGE

Reagent For 10 mL
7 M Urea/20 % acrylamide solution 7.5 mL

8 M Urea 1.5 mL
10x TBE 1 mL
APS (10 %) 80 uL
TEMED 7 uL

. Staining buffer: 1x PBS, 2 % FBS and 0.1 % NaN;.

. Antibodies: Fluorescently labeled antibodies specific to surface

markers on immune and cancer cells.

. Fc Block: Anti-CD16/CD32 antibody to block unspecific

binding by Fcy receptors.

4. Viability dye: 7AAD.
. Flow cytometer: BD Accuri C6.

. Culture dishes: 35/14 mm #1.5 glass bottom tissue culture

dishes.

. Microscope: cLSM510-Meta inverted confocal microscope

(Zeiss, Thornwood, NY).

. Acquisition software: LSM software v.4.2 SP1 (Zeiss).

4. Post-acquisition analysis software: LSM Image Browser

v.4.2.0.121 (Zeiss).

. Syringes: 1 mL U-100 insulin syringe with 30G needle to

inject CpG-SiRNA conjugates diluted in 1x PBS in vivo.

. Anesthetic agents: Anesthesia induction chamber including

isoflurane and oxygen supply.

. Mice: For in vivo experiments C57BL/6 and NOD/SCID/

IL-2RyKO (NSG) mice were purchased from National Cancer
Institute (Frederick, MD) and the Jackson Laboratory (Bar
Harbor, ME), respectively.

3 Methods

3.1 Hybridization
of CpG-siRNA
Conjugates

. Add 250 pL of DNase /RNase-free water to each of the two 50

nmol aliquots of CpG-SiRNA(AS) and SiRNA(SS), mix well at
37 °C for 5 min, and make sure that both oligonucleotides are
completely dissolved.
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. Combine both strands in a new 1.5 mL sterile tube to make

100 pM stock solution of CpG-SiRNA conjugate (use amber
tubes for fluorescently labeled reagents).

. Place the tube at 80 °C for 1 min; promptly transfer to the 37

° C water bath and incubate for 1 h.

. Spin down and aliquot hybridized CpG-SiRNA conjugates

into desired volumes for long-term storage at -80 °C.

. Assemble the gel plates in the gel casting chamber, prepare

7 M urea/15 % PAGE gel according to Table 1 and pour
quickly between gel plates, insert comb, and allow polymeriz-
ing for 30 min.

. Dismount the polymerized gel from casting chamber and

assemble into gel apparatus according to manufacturer’s
instruction.

. Fill the gel chamber with 1x TBE, carefully remove the comb,

wash all wells and pre-run for 30 min.

. Dilute oligonucleotides to 10 pM, use 2 pL. of diluted samples

to mix with 0.5 pL of 0.5 M EDTA, pH 8.0 and 3 pL of 2x
RNA loading dye, load into the wells together with the RNA
marker, and run the gel at 250 V for 1 h.

. Remove the gel and carefully transfer into a dish containing 1x

TBE plus ethidium bromide, stain for 15-20 min, and then
examine the gel on the UV transilluminator (Fig. 1) (see Note 2).

CpG-siRNA conjugates

Mouse Human
500 =—
300 ==
150 ==
80 - .
50 - o . — CpG-siRNA
- - — CpG-siRNA (AS)

30

- - — siRNA (SS)

Fig. 1 Quality control for the hybridized CpG-siRNA constructs. Mouse and human
versions of SiRNA(SS), CpG-siRNA(AS), and CpG-siRNA conjugate were loaded on
the 7 M urea/15 % PAGE gel. After electrophoresis gel was stained using ethid-
ium bromide to visualize oligonucleotides compared to a dsSRNA marker
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3.3 The
Cytofluorimetric
Assessment of
CpG-siRNA
Internalization by
Target Cells In Vitro

3.4 Time-Lapse
Gonfocal Microscopy
to Verify
Internalization

of CpG-siRNA In Vitro

3.5 Local
Peritumoral Delivery
of CpG-siRNA to Target
Cell Populations

In Vivo

. Culture the desired number of cells (usually 10°¢ cells/mL) in

the appropriate medium or, if using freshly isolated primary
cells (see Subheadings 3.7-3.9), allow cells to adjust to the
in vitro culture condition for 2—4 h (se¢ Note 3).

. Treat cells with various doses (10-500 nM) of fluorescently

labeled CpG-SiRNA constructs, then collect cells at desired
times to verify cellular uptake.

. Collect cells, resuspend each sample in 100 pL of the staining

buffer, add 1 pL of the Fc Block for 10 min, then stain cells
with a combination of fluorescently labeled antibodies specific
to immune cell markers for 20-30 min on ice, wash once with
2 ml of the staining buffer, and resuspend in the staining buffer
plus 7AAD for exclusion of dead cells for the analysis using
flow cytometry (Fig. 2a, b) (see Note 4).

. Plate and culture cells overnight at a desired density (usually

10° cells /well) in the appropriate medium using the 35,/14 mm
#1.5 glass-bottom tissue culture dishes.

. Next day, wash cells twice in phenol red-free cell culture

medium, then replace it with complete culture medium, and
add fluorescently labeled CpG-SiRNA at 100-500 nM
concentration.

. Transfer culture dishes to the microscope chamber with envi-

ronmental control (37 °C at 5 % CQO,), and incubate for desired
times (0.25-48 h).

. Acquire images at various time increments using cLSM510-

Meta inverted confocal microscope, C-Apochromat 40x /1.2
water-immersed objective and LSM software v.4.2 SP1 (Zeiss).

. Use LSM Image Browser v.4.2.0.121 for post-acquisition

analysis (Zeiss) (Fig. 3) (see Note 5).

. Prepare 7-10-week-old mice (C57BL/6 or NSG for syngeneic

or xenotransplanted tumor models, respectively).

. Inject tumor cells suspended in sterile PBS (usually 0.1-1 x 10°

cells/100 pL) to generate subcutaneous (SC) tumor model.

. After tumor size exceeds ~5 mm in diameter, prepare for injec-

tions of CpG-SiRNA.

. Prepare solution of fluorescently-labeled CpG-SiRNA (e.g.,

CpG-SiRNA®?) at 1-5 mg/kg (20-100 pg) in 100 pL of ster-
ile PBS.

. Use insulin syringe with 30G injection needle laid parallel to

the skin and inserted flatly onto the tumor.
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Fig. 2 Human immune and leukemic cells efficiently internalize CpG-siRNA conjugates in vitro. (a) Targeted
delivery of CpG-STAT3 siRNA into different primary human immune cells in vitro. Human PBMCs were incu-
bated with fluorescently labeled CpG(A)- STAT3 siRNA®® or unconjugated STAT3 siRNA®S at 500 nM concentra-
tion for 1 h without any transfection reagents. Percentages of Cy3* monocytes (CD14+), plasmacytoid dendritic
cells (BDCA2-), B cells (CD19*), and T cells (CD3*) were assessed by flow cytometry. (b) CpG-siRNA internaliza-
tion by human MM (KMS.11) and AML (MV4-11, KG1a) cells. Cells were incubated with 500 nM Cy3-labeled
CpG-STAT3 siRNA for 1 h. The percentage of Cy3* leukemic cells was analyzed by flow cytometry
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6. Slowly inject CpG-SiRNA solution in four different locations
(~25 pL/location) without completely withdrawing the needle
to reach maximum area without puncturing skin on the
opposite side (see Note 6).

7. After the appropriate time (usually 1-24 h), euthanize mice,
harvest tumors, tumor-draining, and peripheral lymph
nodes, and prepare single-cell suspensions as described in
Subheading 3.7 followed by the flow cytometric analysis of the
oligonucleotide internalization as in Subheading 3.3.
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Fig. 3 Intracellular localization of CpG-siRNA after in vitro uptake. Representative
images from time-lapse confocal microscopy of cultured primary bone-marrow
derived macrophages incubated in the presence of 500 nM CpG-siRNA®? for 0.5 h

3.6 Systemic 1. Prepare 7-10-week-old mice (C57BL/6 or NSG for syngeneic
Delivery of CpG-siRNA or xenotransplanted tumor models, respectively) and anesthe-
to Target Cell tize using isoflurane inhalation.

Populations In Vivo 2. Prepare solution of fluorescently labeled CpG-SiRNA (e.g.,

CpG-SiRNA®?) at 1-5 mg/kg in 200 pL of sterile PBS.

3. Position the anesthetized mouse on its side, use index finger
and thumb to draw back skin of above and below the eye then
carefully insert the 30G needle at ~45° angle at the corner of
the eye, lateral to the medial canthus.

4. Slowly inject the CpG-SiRNA solution into the retrobulbar
sinus then remove needle gently and apply ointment to reduce
strain (see Note 7).

5. After the desired time (usually 1-24 h) euthanize mice, collect
blood and harvest various organs (e.g., liver, spleen, kidney,
bone marrow) to evaluate biodistribution of the fluorescently
labeled oligonucleotides using as described in Subheadings 3.3,
3.7 and 3.8 (Fig. 4) (see Notes 8 and 9).

3.7 Isolation of Cells 1. Transfer harvested tissues into Petri dishes and wash twice with
from Soft Tissues HBSS.
and Tumors 2. Add 5-10 mL of 1x Collagenase D (400 U/mL) and 1x

DNase I (1 mg/mL) and mince tissues into small cubes
(~1-2 mm in diameter) using surgical scissors, and incubate

for 30 min/37 °C.
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Fig. 4 CpG-Stat3 siRNA is efficiently internalized by AML cells in vivo. C57BL/6 mice bearing Cbfb-MYH11/
Mpl+ AML were injected with a single dose of CpG-Stat3 siRNA®® (5 mg/kg). Uptake of fluorescently labeled
SiRNA was assessed using flow cytometry in AML cells isolated from spleen and bone marrow 3 or 18 h after
injection

3. Add 10 mM EDTA (tissue culture grade) to stop enzymatic
reaction and then pipette up and down to disperse tissues into
single-cell suspension.

4. Filter cell suspensions through 70 pm cell strainers into 50 mL
tubes, adjust volume to 20-30 mL with HBSS without cal-
cium and magnesium and spin down at 500 x g/5 min/18 °C.

5. To lyse erythrocytes, add 5 mL of 1x ACS butffer to the cell
pellet, resuspend, and incubate for 3 min/RT.

6. Add 25 mL HBSS without calcium and magnesium to stop the
lysis, spin down, and resuspend cells into 10 mL HBSS with-
out calcium and magnesium. To isolate viable cells, pipet 10
mL of cell suspension into 50 mL tube then carefully underlay
with 5 mL of Histopaque®-1083 equilibrated to RT and cen-
trifuge tubes at 400 x4,/30 min/18 °C.

7. Collect viable cells from the interphase without touching the
pellet, resuspend in HBSS without calcium and magnesium,
spin down again, and then resuspend again for cell counting
(Fig. 5) (see Note 10).
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Fig. 5 Schematic of blood, bone, and soft tissue processing to assess organ and
cellular biodistribution of CpG-siRNA conjugates

3.8 Isolation of Cells 1. Euthanize mice, remove tibia and femur and place them in
from the Bone Marrow tubes with PBS.
2. Cleanly remove rests of muscles from bones, place them in a

mortar and add 5 mL of PBS/3 % EBS, crush all bones using
pestle for 1-2 min, and rinse with 1 mL of PBS /3 % FBS.

3. Aspirate the cell suspension up and down using 5 mL pipette,
and then filter the content of the mortar through a 70 pm
strainer into 50 mL tube and spin down at 500 x 4 for 5 min.

4. To lyse erythrocytes, add 5 mL of 1x ACS bufter to the cell
pellet, resuspend, and incubate for 3 min/RT.

5. Add 25 mL PBS then spin down and re-suspend cells into
10 mL PBS.
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6.

To isolate viable cells, pipet 10 mL of cell suspension into
50 mL tube, then carefully underlay with 5 mL of
Histopaque®-1083 equilibrated to RT, and centrifuge tubes at
400xg,/30 min/18 °C.

. Collect viable cells from the interphase without touching the

pellet, resuspend in HBSS without calcium and magnesium,
spin down, and resuspend the cell pellet again for cell counting
(Fig. 5).

3.9 Processing 1. Transfer collected blood into 15 mL tube containing 3—4 mL
of Blood Cells ACS butffer to lyse blood cells.

2. Incubate for 5-10 min at RT and spin down 500 x g for 5 min.

3. Wash cell pellet twice with PBS.

4. Count cell number and proceed to next experiment (Fig. 5).
4 Notes

. The choice of fluorochrome and its position in the conjugate

depends on the application. For uptake and biodistribution
studies, it is best to label 3" end of the SiRNA(SS) to prevent
interference with the intracellular processing of the conjugate.
For in vivo applications, more intensive fluorochromes are pre-
ferred, e.g., Cy3 or Alexa 488 rather than fluorescein.

. Differences in concentrations or formation of secondary struc-

tures between CpG part of the molecule and the SIRNA(AS)
could potentially interfere with proper hybridization of both
oligonucleotides. Therefore, it is important to confirm the
quality and the proper formation of hybridized duplex using
gel electrophoresis.

. For selection of optimal target cells, it is critical to confirm

TLRO expression. Cells lacking TLR9 internalize CpG-SiRNA
but endosomal retention of the SiRNA is likely to prevent gene
silencing effect [12].

. Majority of TLR9-positive immune cells and malignant cells,

such as leukemia and lymphoma, internalize the conjugate
within 1-4 h at concentrations from 100 to 500 nM. Higher
concentrations of the CpG-SiRNA usually do not improve
uptake any further.

. The purpose of testing conjugate uptake using confocal

microscopy is to confirm that SiRNA is present intracellularly
rather than associated with target cell surface. The exact local-
ization of the construct cannot be distinguished by standard
flow cytometry.
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. For peritumoral injections, it is important not to withdraw

needle completely and to avoid additional puncturing of the
skin which can result in leakage of the reagent. It is also advis-
able to hold the needle in position for few seconds after inject-
ing the total 100 pL to allow for penetration of the solution
deeper into tissues to minimize potential reflux.

. In case of retroorbital injections, mice should not receive more

than single injection per day. Additional injections are possible
only when using alternate eyes with 1-2 days in between.

. Efficient in vivo delivery of the SiRNA to target cells depends

on their ability to quickly internalize CpG-SiRNA (within
0.5-1 h). The best results are usually achieved targeting nor-
mal and malignant myeloid cells in vitro and in vivo.

. Conjugate degradation by serum nucleases as well as rapid kid-

ney clearance limits CpG-SiRNA half-life in mouse circulation.
Chemical modification of the oligonucleotide backbone and
the conjugation of CpG-SiRNA to polyethylene glycol (PEG)
can improve the pharmacokinetic profile of these conjugates.
To induce target gene silencing in vivo, mice should be treated
using CpG-SiRNA conjugates for at least 2 days using daily
injections of the reagent.
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Aptamer-MiRNA Conjugates for Cancer
Cell-Targeted Delivery
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Abstract

microRNAs (miRNAs) are short noncoding RNAs that effectively regulate the expression of a wide variety
of genes. Increasing evidences have shown a fundamental role of miRNAs in cancer initiation and progres-
sion, thus indicating these molecules among the most promising for new approaches in cancer therapy.
However, several hurdles limit the translation of miRNAs into the clinic. One of the most critical aspects
is represented by the lack of a safe and reliable way to selectively target organs and tissues. Therefore, the
development of cell-specific delivery means has become an essential step for the translation of miRNA-
based therapeutics to clinic for cancer management. To this end aptamer-based approaches may provide
efficient delivery tools for the selective accumulation of miRNA to target tumors, their intracellular uptake,
processing, and functional silencing of target genes. In this chapter, we discuss the direct conjugation of
miRNAs to aptamers against transmembrane receptors as innovative experimental approach for their selec-
tive delivery to cancer cells.

Key words microRNAs, Aptamers, Targeted delivery, Therapeutic RNA, Cancer

1 Introduction

Despite the advances in surgical techniques, radiotherapy, and che-
motherapy, cancer remains one of the leading causes of death
worldwide. Yet, cancer results from the progressive accumulation
of multiple genetic and epigenetic alterations that confer the pro-
liferative and invasive characteristics to tumor cells [1]. Thus, the
development of gene-based approaches enabling to modulate gene
expression in target cancer cells represents an important challenge
for personalized cancer therapies to be effective. In this respect, the
great potential of emerging new therapeutics based on nucleic acid
compounds, including miRNAs and siRNAs, has recently attracted
great interest.

MiRNAs are short noncoding RNAs processed from longer
precursor molecules to produce an imperfect miRNA duplex of
about 19-25 nucleotides in length [2]. In the cytoplasm, the
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RNA-induced silencing complex (RISC) drives the strand of the
duplex that directs the silencing (named guide strand) to the target
messenger RNA (mRNA), while the complementary strand (pas-
senger strand) is degraded. By recognizing specific sites at the 3’
untranslated region (3° UTR) of the target genes, the miRNAs
down regulate gene expression by a posttranscriptional mechanism
that depends on the degree of complementarity of the guide strand
to the target mRNA sequence [3] (Fig. la). Each miRNA can
potentially target multiple mRNAs, and a single mRNA can be
targeted by multiple miRNAs at its 3° UTR. As such, miRNAs may
act in concert to regulate gene expression and, in turn, to coordi-
nately regulate key biological processes, including cell cycle, apop-
tosis, differentiation, motility and angiogenesis. Deregulation of
miRNAs has been shown to be involved in the pathogenesis of

several diseases, including cardiovascular, cancer, and metabolic
discases [4].

a b
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Fig. 1 (a) Schematic representation of miRNA processing pathway (see text for details). (b) micoRNA role in
cancer. Overexpression of miRNAs could decrease tumor-suppressor gene levels (miRNA with a tumor sup-
pressor function, /eff) or downregulation of miRNAs could result in increased expression of oncogenes
(microRNA with an oncogenic function, right)
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Based on their involvement in basic cellular functions, miR-
NAs may act as oncogenes (oncomirs) or tumor suppressors show-
ing a great interest as therapeutics in cancer [5, 6] (Fig. 1b). One
of the first examples is constituted by the let-7 family members
(let-7a-1) that are widely reported as tumor suppressors [7-9]. In
the case of the gene cluster miR15 /16 it has been shown that the
loss of the locus by a somatic deletion in chromosome 13q14.3 is
involved in the B-cell chronic lymphocytic leukemia [10]. On the
contrary, miR-155 and miRNA-21 are two of the first described
oncogenic miRNAs that are overexpressed in many tumors [11,
12]. MiRNA-based therapies may have some important advantage
over antibodies, small molecules and protein-based reagents,
including the possibility to be easily synthesized and chemically
modified [13]. However, their broad functionality underlines the
need of a safe approach for their specific delivery to target tissues in
order to control undesired off-target effects and toxicity. Here, we
provide a protocol that we developed to address cell-specific deliv-
ery of therapeutic miRNAs by using nucleic acid aptamers as tar-
geting moiety [14].

Different viral and non-viral approaches have been proposed
to address this issue. Adenovirus- and adeno-associated virus-
derived vectors can have high efficacy for miRNA delivery [15].
However, problems related to insertional mutagenesis and immu-
nogenicity strongly restrict their applicability [16]. Alternatively,
non-viral approaches including lipid and polymeric nanoparticles
have been proposed and result to be more secure and simple to
produce [17-19].

Aptamers are short structured single-stranded nucleic acids
that can be developed against almost any target protein, including
transmembrane receptors, by a combinatorial strategy named
Systematic Evolution of Ligands by EXponential enrichment
(SELEX) [20, 21]. Because of their high specificity and low toxic-
ity, aptamers against cell surface molecules may reveal as the com-
pounds of choice for the delivery of various secondary reagents.
Indeed, in several cases has been shown that aptamers raised against
cell surface receptors upon binding are rapidly internalized in a
receptor-mediated manner [22]. Thus, aptamers may function as
specific recognition ligands for target cells leading to the release of
a secondary reagent only into this subset of cells.

Currently an increasing number of aptamers targeting cancer
cell surface epitopes have been successfully and extensively used for
the specific delivery of active drug substances including nanopar-
ticles [23, 24 ], anticancer therapeutics [25], toxins [26], enzymes
[27], radionuclides [28], viruses [29], and small interfering RNAs
(siRNAs) [30-39].

A great effort have been devoted to the development of strate-
gies for the direct conjugation of siRNA to aptamers, generating
completely nucleic acid-based molecules either by extending the
aptamer sequence with one strand of siRNA duplex and annealing
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with the other strand [30-37] or by combining the aptamer and
the siRNA moieties via a stick bridge annealing [38, 39].

Basing on these rules, recently two chimeras that combine the
anti Mucin 1 aptamer with let-71i miRNA [40] or miR-29b [41]
have been reported to function in vitro increasing the response to
paclitaxel [40] or inducing apoptosis [41] in ovarian cancer cells.

In our laboratory, we have characterized two RNA aptamers
(named GL21.T and Gint4.T) that bind and inhibit the receptor
tyrosine kinase Axl and platelet-derived growth factor receptor 3
(PDGFRP) [42, 43], respectively. Both aptamers are rapidly inter-
nalized into target cells, thus providing innovative tools for tissue
specific internalization.

By using the anti-Ax] GL21.T aptamer, we have described the
development of aptamer-miRNA conjugate for the delivery of the
tumor suppressor let-7g miRNA [14]. The approach that we used
is based on the annealing of two distinct strands of RNA, one
strand consisting of the aptamer elongated at the 3’ end with the
passenger strand of let-7g sequence and a second strand that con-
sists of the complementary let-7g guide strand (Figs. 2 and 3).
Notably in order to obtain a more effective Dicer substrate [44 ] we
introduced internal partial complementarity and increase length
extension by using the distal stem portion of the human let-7g pre-
miRNA (26-27 bases).

Furthermore, we have obtained functional conjugates by using
a different aptamer sequence (anti-PDGFRP Gint4. T aptamer)
[43] and a different conjugation strategy based on a stick-end
annealing [38, 39]. In this approach, the aptamer and the passen-
ger strand are elongated at their 3’ end with a 17-mer GC-rich
“stick” complementary sequence (Fig. 4). The stick sequence (1)
ensures a highly stable base pairing that facilitates the noncovalent
binding between the miRNA and the aptamer; and (2) does not
interfere with aptamer correct folding.

Here, we provide protocols for the approaches that we used.
The strategy described has two important advantages. First, it is
simply and uses only RNA-based reagents (an aptamer and a
miRNA). RNAs are modified in all positions with 2’-fluoropyri-
dines (2’-F-Py) that enhance their RNase resistance and reduce
their immunogenicity [45]. Second, it permits to combine the
tumor suppressive function of the specific miRNA used with that

GL21.T aptamer passenger strand

3
5 ¥ 5’
guide strand

let-7g miRNA

Fig. 2 Schematic representation of GL21.T-let conjugate
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Fig. 3 Mechanism of GL21.T-let chimera multi-functional action. GL21.T-lef combines aptamer-mediated AxI
inhibition and let-7g miRNA-mediated target gene downregulation, resulting in a pronounced reduction of
tumor growth
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Fig. 4 Schematic representation of stick-based conjugates

of a functional aptamer that inhibits the tyrosine kinase activity of
the target receptor (either Axl or PDGFR), thus further increas-
ing the therapeutic potential of the resulting molecule. This is par-
ticularly relevant given the increasing hope placed in anticancer
strategies based on combination therapies.

2 Materials

2.1 RNA 1. GL21.T-let passenger strand:

Oligonucleotides 5'-AUGAUCAAUCGCCUCAAUUCGACAGGAGGC
UCACCAAACUGUACAGGCCACUGCCUUGC
CUU-3’ (Bold UU are 3'-overhang).

2. 2.GL21.T-stick:
5-AUGAUCAAUCGCCUCAAUUCGACAGGAG
GCUCACXGUACAUUCUAGAUAGCC-3'".

3. Gint4.T-stick:
5'"-UGUCGUGGGGCAUCGAGUAAAUG
CAAUUCGACAXGUACAUUCUAGAUAGCC-3".




202 Carla L. Esposito et al.

2.2 Aptamer-miRNA
Conjugate

2.3 CGell Culture

2.4 Binding and
Internalization
Analysis

4.

4 .Let-7g passenger-stick:
5'-CAAACUGUACAGGCCACUGCCUUGCCGG
CUAUCUAGAAUGUAC-3'.

. Let-7g guide strand: 5-GGCUGAGGUAGUAGUUUG

UACAGUUUG-3'.

. All RNAs are modified with 2’-F-Py (see Note 1); stick

sequences (underlined) consist of 2’-F-Py and 2’-O-methyl-
purines at all positions, the Free Energy of the stick duplex is
-27.2 (see Notes 2 and 3); X indicates the C3 carbon linker
(see Note 4).

. Annealing buffer 10x: 200 mM HEPES, pH 7.5, 1.5 mM

NaCl, 20 mM CaCl,.

. 12 % non-denaturing polyacrylamide gel: 6.0 ml of 30% acryl-

amide/bis solution, 1.5 ml of 10x Tris-borate—ethylenedi-
amine tetraacetic acid buffer (TBE) and water for a final volume
of 15 ml.

. 6x gel loading buffer: 4.62 g dithiothreitol (DTT), 5 %

B-mercaptoethanol, 24 ml of 1M Tris—-HCI, pH 6.8, 0.02 g
bromophenol blue, 100 % glycerol to a final volume of 50 ml.

. 1x TBE running buffer.

. Cell lines: U87MG glioblastoma (PDGFRf and Axl-positive

cells), NSCLC A549 (Axl-positive cells), and breast MCE-7
(Axl and PDGFRB-negative cells) cells.

. Growth medium: DMEM or RPMI supplemented with 10 %

FBS.

. Trypsin.
. Ethylenediamine tetraacetic acid (EDTA).

. 10x dephosphorylation buffer: 500 mM Tris—HCI, pH 8.5, 1

mM EDTA.

2. Alkaline phosphatase (AP) inactivation buffer: 200 mM EGTA.
3. 10x phosphorylation buffer: 500 mM TrissHCI, pH 8.2,

o NN O\ Ul B

100 mM MgClL, 1 mM EDTA, 50 mM DTT, 1 mM
spermidine.

. Alkaline phosphatase.

. T4 polynucleotide kinase.

. [y-%P]-ATP (6000 Ci/mmol).

. Recovering buffer: 1 % sodium dodecyl sulfate (SDS).

. Proteinase K.
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and Western Blotting
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. Cell extraction buffer: 50 mM Tris—-HCI, pH 8.0, 150 mM

NaCl, 1 % Nonidet P-40, 2 mg/ml aprotin, 1 mg/ml pep-
statin, 2 mg,/ml leupeptin, and 1 mM sodium orthovanadate.

2. 4x Gel separating buffer: 1.5 M Tris-HCI, pH 8.7, 0.4 % SDS.

3. 4x Gel stacking buffer: 0.5 % Tris-HCI, pH pH 6.8, 0.4 % SDS.

4. 30 % acrylamide /bis solution (37.5:1).

5. 5x gel running buffer: 125 mM Tris, 960 mM glycine,
0.5 % SDS.

6. Laemmli buffer for sample loading: 2 % SDS, 5 %
B-mercaptoethanol, 0.001 % BBF, 10 % glycerol.

7. Kaleidoscope molecular weight markers.

8. Polyvinylidenedifluoride (PVDF) membrane.

9. 3 mm chromatography paper.

10. Transfer buffer: 25 mM Tris, 190 mM glycine, 20 % methanol,
0.05 % SDS (see Note 5).

11. Antibody for miRNA validated target: anti-N-Ras antibody.

12. Antibody incubation buffer: 5 % nonfat dry milk in Tris-
buffered saline with Tween (T-TBS).

13. T-TBS: dilute 10x stock TBS solution (250 mM Tris—HCI,
pH 7.4, 1.37 M sodium chloride, 27 mM potassium chloride)
and add 0.1 % Tween-20.

14. Enhanced chemiluminescent (ECL) reagent.

15. Bio-Max ML film.

16. Gas6 ligand.

2.6 Quantitative 1. TRiZol reagent.
Real-Time PCR 2. miScript Reverse Transcription Kit.
(RT-aPCR) 3. SYBR Green PCR Kit.
4. SiScript Primer Assay (let-7g and U6 RNA as housekeeping
gene).
3 Methods
3.1 Aptamer-miRNA 1. Dissolve each RNA oligo in sterile RNase-free water and deter-
Conjugate Preparation mine concentration spectrophotometrically, assuming that one
A260 unit is equal to 40 pg/ml of RNA (see Note 6).

2. Add 5 pM aptamer-passenger RNA strand to 5 pM of the
appropriate guide RNA in annealing bufter to prepare GL21.7T-
let conjugates.

3. Heat the sample to 95°C for 15 min, incubate at 55 °C for

10 min and then at 37 °C for 20 min.
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3.2 Binding and
Internalization
Analysis

3.3 miRNA
Activity Assays

4.

10.
11.

For stick-based conjugates, add 5 pM of the passenger-stick
strand to 5 pM of the complementary guide partner in 1x
annealing buffer.

. Incubate the mixture at 95 °C for 15 min, 55 °C for 10 min

and 37 °C for 20 min to form stick-miRNA duplex.

. Refold the same amount of the stick aptamer (5 min 85 °C,

2 min snap-cooling on ice, warming up to 37 °C, see Note 7)
and add to the stick-miRNA.

. Incubate the mixture at 37 °C for 30 min.
. Annealed chimeras can be stored at -20 °C (see Note 8).
. Check the preparation of the conjugate by loading 15 pmol

RNAs to a 12 % non-denaturing PAGE gel.
Run the gel in 1x TBE buffer (se¢ Note 9).
Stain the gel with ethidium bromide and visualize with GEL.
DOC XR gel camera. The annealing efficiency of the conjugate

is assessed by measuring the shift in migration of the conjugate
compare to the individual components.

. Dephosphorylate the RNA aptamers with alkaline phospha-

tase at 50 °C for 1 h.

. End-label with aptamer with T4 polynucleotide kinase in the

presence of [y-3*P| ATP at 37 °C for 30 min.

. Anneal the radiolabeled aptamer moiety to the corresponding

guide strand or to the stick-miRNA duplex.

4. Seed 2x 10* cells per well in a 24-well cell culture plate.

. Incubate the cells with 100 nM individual RNAs for increasing

incubation times (from 15 min up to 2 h) at 37 °C in the pres-
ence of 100 pg/ml polyinosine as a nonspecific competitor.

. Remove unbound RNAs by washing with five times of 500 pl

serum-free growth medium. Cells are left untreated (to mea-
sure total bound) or treated with 0.5 pg/pl proteinase K for
30 min at 37 °C.

. Recover RNA in 300 pl of 1 % SDS.

. Measure 2P with a Beckman scintillation counter. The endo-

cytosis rate is expressed as the amount of internalized RNA
relative to total bound.

. The day before treatments, cells are seeded in 3.5 cm plates

(1.4x10° cells/well, density of 60 % confluence) and left
growing overnight.

. Cells are treated with 400 nM aptamer or aptamer-miRNA

conjugate (see Note 10) or are transfected with 100 nM com-
mercial miRNA mimic as control.

. Transfections are performed using Lipofectamine 2000 fol-

lowing the manufacturer’s instructions.
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4. Cells are grown for 2 days and then processed as detailed below
for either immunoblotting or RT-qPCR.

5. For real-time PCR experiment, transfected or treated cells are
recovered in 1 ml of TRiZol and RNAs are extracted by fol-
lowing the manufacturer’s instructions. To assess the levels of
the miRNA (let-7g in our example) or U6 RNA, as housekeep-
ing gene, 1 pg total RNA is reverse transcribed by using miS-
cript Reverse Transcription Kit and then amplified with the
miScript-SYBR Green PCR Kit and specific miScript Primer
Assay. Reactions are carried out according to the provider’s
instructions. The AACt method for relative quantization of
gene expression is used.

An example of the results produced by treating US7MG cells
(PDGFRS receptor-positive cells) with a chimera containing the
anti-PDGFRSR internalizing aptamer [43] conjugated to let-7g
miRNA by stick-end annealing (indicated as Gint4. T-let-7y stick)
is shown in Fig. 5a. As expected, treating cells with the conjugate
results in a significant increase of let-7g miRNA levels.

6. For immunoblot experiment, transfected or treated cells are
washed with ice-cold D-PBS and lysed in lysis buffer. Protein
concentration is determined by the Bradford assay using bovine
serum albumin as standard. The cell lysates are subjected to
SDS-PAGE. Gels are electroblotted into PVDF membranes
and filters are probed with primary antibodies against the
miRNA targets (for let-7g conjugates we used the antibodies
against HMGA2 and N-Ras). Anti-atubulin (DM 1A) antibody
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Fig. 5 U87MG cells were transfected (Transf.) with 100 nM let-7g-miR or control miR (Ctrl-miR) or were treated
(Treat.) with 400 nM of Gint4.T, or Gint4.T-let stick chimera, as indicated. Following 48 h (a) let-7g miRNA
levels were quantified by RT-qPCR. (b) Cell lysates were immunoblotted with anti-N-Ras and anti-otubulin
(arTub) antibodies. Values below the blots indicate signal levels relative to mock-treated cells, arbitrarily set to
1 (“-,” labeled with asterisk)
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3.4 Aptamer
Functional Activity
Preservation

is used to confirm equal loading. Proteins are visualized with
peroxidase-conjugated secondary antibodies using the enhanced
chemiluminescence system. The N-Ras protein levels detected
following the treatment of U87MG cells with Gin4.T-let stick
are shown in Fig. 5b. In accordance with the increase of let-7g
miRNA levels, N-Ras expression is strongly reduced in cells
treated with the chimera.

. Starve A549 cells (1.5x10° cells per 3.5 cm plate) for 18 h,

and then leave the cells untreated or treated with 200 nM
aptamer or conjugate for 3 h.

. Stimulate cell growth with 400 ng/ml Gas-6.
. Lyse the cells as described in step 6 of “miRNA Activity

Assays”.

. Immunoblot with anti-phospho-Axl (tyr-702), anti-Axl and

anti-atubulin. This is a key experiment to demonstrate that
conjugation of the miRNA to the aptamer does not abrogate
aptamer function, thus confirming the multi-functionality of
the generated construct.

4 Notes

. 2’F-Py RNAs are used because of their increased resistance to

degradation by nucleases.

. The sequence of the stick portion depends on the specific

aptamer to be used. It is important to check that (a) the stick
duplex portion does not interfere with the correct aptamer
folding and (b) the energy of the duplex produces the most
favorable annealing in the conjugate.

. The presence of 2'-O-methyl-purines further increases the

stability of stick sequence base pairing.

. The presence of a polycarbon linker between the aptamer and

the stick sequence further increases stick flexibility, thus pre-
venting the interference with the aptamer folding.

. Transfer buffer can be used for up to three transfers within a

week so long as the voltage is maintained constant for each
successive run (the current will increase each time). Adequate
cooling to keep the buffer lower than the room temperature is
essential in order to prevent heat-induced damage to the appa-
ratus and the experiment.

. Once dissolved aliquot, store the solution at -20 °C. It is

recommended to avoid repeated freezing-refreezing.

. Stick-based approach has the advantage to permit the anneal-

ing of the miRNA moiety to the aptamer moiety. To ensure a
correct aptamer folding, aptamer concentration must be low
(not more than 20 pM).
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8. Annealed chimeras can be stored at -20 °C. However, it is
recommended to avoid many repeated freezing-refreezing

cycles.

9. Run gel until the first dye front is close to the bottom.

10.

Before each treatment, chimeras must be warming up to 37 °C

and the aptamers must be subjected to a short denaturation-
renaturation step (5 min 85 °C, 2 min snap-cooling on ice,
warming up to 37 °C).
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Chapter 17

Method for Confirming Cytoplasmic Delivery
of RNA Aptamers

David D. Dickey, Gregory S. Thomas, Justin P. Dassie,
and Paloma H. Giangrande

Abstract

RNA aptamers are single-stranded RNA oligos that represent a powerful emerging technology with
potential for treating numerous diseases. More recently, cell-targeted RNA aptamers have been developed
for delivering RNA interference (RNAi) modulators (siRNAs and miRNAs) to specific diseased cells (e.g.,
cancer cells or HIV infected cells) in vitro and in vivo. However, despite initial promising reports, the
broad application of this aptamer delivery technology awaits the development of methods that can verify
and confirm delivery of aptamers to the cytoplasm of target cells where the RNAi machinery resides. We
recently developed a functional assay (RIP assay) to confirm cellular uptake and subsequent cytoplasmic
release of an RNA aptamer which binds to a cell surface receptor expressed on prostate cancer cells (PSMA).
To assess cytoplasmic delivery, the aptamer was chemically conjugated to saporin, a ribosome inactivating
protein toxin that is toxic to cells only when delivered to the cytoplasm (where it inhibits the ribosome) by
a cell-targeting ligand (e.g., aptamer). Here, we describe the chemistry used to conjugate the aptamer to
saporin and discuss a gel-based method to verify conjugation efficiency. We also detail an in vitro functional
assay to confirm that the aptamer retains function following conjugation to saporin and describe a cellular
assay to measure aptamer-mediated saporin-induced cytotoxicity.

Key words Aptamers, Cytoplasmic delivery, Saporin, Cytotoxicity

1 Introduction

RNA aptamers are single-stranded nucleic acids whose binding
properties are similar to those of antibody/antigen interactions
(thus are often referred to as mucleic acid antibodies) [1, 2].
Aptamers have been developed for a variety of technical and thera-
peutic applications [ 1-3]. Therapeutic RNA aptamers are modified
with fluoro or O-methyl groups at the 2'-position of their sugar
moiety, which renders them resistant to degradation by serum
nucleases and significantly reduces their immunogenicity. Thus,
these aptamers can be used in preclinical as well as clinical applica-
tions [2]. Their development as therapeutics has primarily involved
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their tendency to inhibit their targets upon binding [4-7 ], although
aptamers have also been developed to activate cell-surface recep-
tors [8]. In 2006 came the first description of aptamers for delivery
of therapeutic siRNAs to target cells [9, 10]. Since then, multiple
in vivo studies involving low-dose (<1 mg/kg), systemic adminis-
tration of aptamer-targeted siRNA conjugates have reported effi-
cacy, highlighting the promise of this approach for future clinical
applications [11-16]. Despite these encouraging studies, which
demonstrated aptamer-mediated delivery of functional RNAi to
target cells in vivo, the broad application of the aptamer delivery
technology awaits the identification of aptamer sequences capable
of internalizing into target cells and delivering the siRNA cargo to
the cytoplasm where the RNA-induced silencing complex (RISC)
resides.

In a recent study, we described a functional assay (RIP assay)
for assessing cell internalization and subsequent release of aptamers
into the cytoplasm of target cells [17]. The RIP (ribosome-
inactivating protein) assay is based on targeting a RIP (e.g., sapo-
rin) to the cytoplasm of target cells iz conjugation to a ligand.
Saporin is a so-called RIP due to its N-glycosidase activity which,
leads to a single adenine base being removed from the ribosomal
RNA of the large subunit of the ribosome. RIPs are some of the
most toxic molecules (poisons) known. Notorious examples of
these toxins include ricin and abrin [18]. These toxins contain a
signal sequence that functions to insert the RIP into a cell, leading
to cytoplasmic localization and subsequent enzymatic inactivation
of ribosomes and inhibition of protein synthesis. This results in
efficient cell death and eventually causes death of the victim. Unlike
ricin and abrin, saporin lacks this signal sequence and thus, is
unable to internalize into cells and is safe to handle. However, if
given a method of entry into the cell (via conjugation to a ligand /
aptamer), saporin becomes a very potent toxin, since its enzymatic
activity is among the highest of all RIPs [18].

We previously employed this property of saporin to confirm
cytoplasmic delivery of an RNA aptamer to prostate-specific mem-
brane antigen (PSMA), a cell surface receptor expressed on pros-
tate cancer cells [17]. Below, we describe the chemistry used to
conjugate the PSMA RNA aptamer to the saporin toxin and pro-
pose an agarose gel-based method to quickly assess conjugation
efficiency and purity. We also detail an in vitro functional assay
(NAALADase assay) to confirm the function of the aptamer-
saporin conjugate post-conjugation. In addition to being highly
expressed on the surface of prostate cancer cells, the extracellular
portion of PSMA is known to have multiple catalytic activities,
including  N-acetylated  alpha-linked  acidic  dipeptidase
(NAALADase), folate carboxypeptidase, and dipeptidyl peptidase
IV functions [ 19, 20]. Importantly, PSMA’s enzymatic activity has
been linked to increased cellular migration and activation of



RIP Assay for Assessing Cytoplasmic Delivery 211

oncogenic pathways [21]. RNA aptamers to PSMA have been
shown to inhibit the enzymatic activity of the protein [22, 23] and
thus, can be evaluated for function using this assay. Finally, we
describe a standard cellular assay (MTS assay) to measure saporin-
induced cytotoxicity. This assay is based on the principle that
NAD(P)H-dependent cellular oxidoreductase enzymes within cells
can be a measure of the number of viable cells present within a
culture. These enzymes are capable of reducing the tetrazolium
dye [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium; MTS] to its insoluble forma-
zan, which has a purple color and can be quantitated using a plate
reader [24]. Tetrazolium dye assays can also be used to measure
cytotoxicity (loss of viable cells) or cytostatic activity (shift from
proliferative to resting status) of potential medicinal agents and
toxic materials (e.g., saporin) [25].

In conclusion, the methodologies and assays described herein,
with the exception of the NALAADase assay, can be broadly
applied to evaluating other aptamers with cell internalizing proper-
ties and are poised to expedite the identification of aptamer
sequences capable of delivering therapeutics (e.g., RNAi modula-
tors) to the cytoplasm of target cells. Functional assays (e.g., bind-
ing assays, inhibition assays) to assess aptamer function
post-conjugation should be developed and optimized for each
aptamer and used in place of the NAALADase assay.

2 Matertials

2.1 RNA-Saporin

. Biotinylated RNA aptamers.
. Streptavidin-ZAP.
. FGF-Saporin.

. 10x binding buffer: 200 mM HEPES, pH 7.4, 1.5 M NaCl,
20 mM calcium chloride, and 0.1 % BSA.

5. 10x Binding buffer: 10 mL of 1 M HEPES, pH 7.4, 15 mL of
5 M sodium chloride, and 0.5 g of bovine serum albumin.
Bring to a final volume of 50 mL with UltraPure H,O. Store
at room temperature.

SR S I S

. Molecular biology-grade agarose.
. TAE butffer.

. 6x gel loading dye.

. 100 base pair DNA ladder.

10. 7x 10 cm Minigel System.

NelENe BERN BN

11. PowerPac Basic Power Supply.
12. SYBR Gold Nucleic Acid Gel Stain.
13. Molecular Imager Gel Doc XR System.
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2.2 Reagents for 1. 200 mM Tris—HCI, pH 7.5: Add 200 mL of UltraPure 1 M
NAALADase Assay Tris—HCI buffer, pH 7.5 to 800 mL of UltraPure H,O.

2. 10 mM CoCl,: Dissolve 1189.6 mg of cobalt (II) chloride
hexahydrate in 500 mL UltraPure H,O.

. Recombinant human PSMA /FOLHI1 /NAAILADase 1.
. 100 pM NAAG.

. [Glutamate-3,4-H?®]-NAAG.

. AG 1-X8 Resin.

. Flint glass Pasteur pipettes, 9 in.

o N O Ul B~ W

. Custom-made rack to hold 9 in. Pasteur pipettes in place and
in alignment with rack scintillation vials (see Fig. 1.).

9. Borosilicate glass beads, 3 mm diameter.

10. 0.1 M Naz;HPO,: Add 5.7 g of Na;HPO, (anhydrous) to
double-distilled H,O. Bring to a final volume of 400 mL with
double-distilled H,O, and store at 4 °C until ready to use.

11. 1 M formic acid: Add 383 mL of double-distilled H,O to
17 mL of 88 % formic acid.

12. Bio-Safe II scintillation fluid.
13. Polyethylene scintillation vials.
14. Beckman LS6500 scintillation counter.

Fig. 1 NAALADase assay apparatus. Pictured is a custom-made plastic rack used
to hold 9 in. long flint glass Pasteur pipettes in alignment with scintillation vials
for measuring NAALADase activity. The red arrow points to a Pasteur pipette
filled with 2 mL of AG 1-X8 resin
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. RPMI medium 1640.

. 22Rv1.7 cells [11].

. Fetal bovine serum: premium select.

. 100x MEM nonessential amino acids solution.

. Nunclon delta-treated 150 mm cell culture dishes.

. 0.25 % Trypsin-EDTA.

. CellTiter 96 AQueous One Solution Cell Proliferation Assay

(MTS Assay).

. 96-Well dishes.

. Thermomax Microplate Reader.

3 Methods

3.1 RNA-Saporin
Conjugation

. Resuspend the biotinylated aptamer in ultrapure H,O at a con-

centration of 100 pM, aliquot, and store at -80 °C.

. Fold the biotinylated aptamer in 1x binding buffer (obtained by

doing a 1:10 dilution of the 10x binding buffer) at a final con-
centration of 5 pM. The folding protocol is as follows: incubate
aptamer solution at 65 °C for 10 min, followed by incubating at
37 °C for 10 min. The aptamer can be freeze-thawed several
times after the folding protocol and still retain its activity.

. Use a 1:4 molar ratio of streptavidin-ZAP and the folded bioti-

nylated aptamer. Incubate at room temperature for 30 min in 1x
binding buffer with a final concentration of 2.5 uM of the RNA.

. The purity and efficiency of the conjugation of biotinylated

aptamer to streptavidin-ZAP will need to be confirmed by run-
ning the aptamer-saporin conjugates on a 1 % agarose gel (see
Note 1). For the 1 % agarose gel, dissolve 0.7 g of agarose into
70 mL of TAE buffer by heating in a microwave for approxi-
mately 2 min. Pour the agarose gel mixture into the Minigel
system, and place the well combs into the gel, and allow the gel
to cool and set for 30—45 min. After the gel has solidified, turn
the gel so the wells are closest to the anode, and fill the appa-
ratus with enough TAE to cover the gel. Mix 10 pL of the
2.5 pM biotinylated aptamer alone, streptavidin-ZAP alone, or
biotinylated aptamer bound to saporin with 2 pL of the 6x gel
loading dye. Carefully pipette the RNA /loading gel solution
into the wells. Run the gel for 30 min at 100 V.

. Stain the gel with 1x SYBR Gold for 30 min and perform UV

imaging. The SYBR Gold stock solution is 10,000x, so dilute
5 pL of the 10,000x stock SYBR Gold solution into 50 mL of
1x TAE. Cover the gel with the 1x SYBR Gold solution and
gently rock at room temperature in the dark for 30 min. Image
the gel in a UV imager similar to the Molecular Imager Gel
Doc XR System.
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3.2 Activity
of PSMA-Saporin
Conjugate

1.

10.

A functional assay should be performed in order to confirm
that the activity of the aptamer is not inhibited following con-
jugation to saporin (se¢ Note 2). The functional assay we
describe here measures PSMA enzymaticactivity (NAALADase).
The NAALADase assay is performed as follows (120 pL per
sample replicate): A concentration of 0.333 pM is used for
each aptamer, aptamer-saporin conjugate, and /or streptavidin-
ZAPD. 1x binding buffer alone is also included as a control.

. Generate a Tris/CoCl, master mix by adding 500 pL of 200

mM Tris—HCI, pH 7.5 to 250 pL of 10 mM CoCl,. Add 60 pL
of the Tris-HCl/CoCl, master mix to each sample.

. Upon receiving the rhPSMA, aliquot it into 2 plL aliquots

under sterile conditions and store the aliquots at —-80 °C. The
rhPSMA aliquots should be diluted by adding 375 pL of ultra-
pure H,O and 125 pL of 200 mM Tris-HCI, pH 7.5 to the
2 pL of the PSMA solution before using in the NAALADase
assay. Add 10 pL of rhPSMA mixture to the RNA mixtures,
and mix by pipetting. Incubate at 37 °C for 5 min, and start
the timer after adding PSMA to the first sample.

. Make a NAAG solution consisting of 992 pL of ultrapure

H,0, 5.5 pL of 100 pM NAAG, and 2.5 pL of SH-NAAG.
Add 10 pL of the NAAG solution to each sample and incubate
at 37 °C for 15 min. Mix the reaction after 7.5 min has past.
Start the timer after adding the NAAG solution to the first
sample.

. Stop the reaction by adding 200 pL ofice cold 0.1 M Na;HPO,

to each sample.

. Prepare columns by placing as many Pasteur pipettes as needed

into the plastic rack (Fig. 1). Place one 3 mm borosilicate glass
ball into each pipette.

. Make a 1:1 mixture of AG 1-X8 resin and ultrapure H,O to

create a resin slurry. Add 2 mL of the resin slurry to each
Pasteur pipette. Once all of the liquid has left the columns, add
2 mL of double-distilled H,O to the columns, and allow this
to flow through and discard.

. Once all of the liquid has drained from the columns, place the

scintillation vials under the columns. Add 190 pL of each reac-
tion mixture to separate columns, and allow it to completely
soak into the resin.

. Add 2 mL of 1 M formic acid to each column. Allow the liquid

to completely flow through the columns and collect 2 mL of
eluent into each scintillation vial.

Add 10 mL of Bio-Safe II scintillation fluid to each scintillation
vial and count in a liquid scintillation counter.
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1. 22Rv1.7 cells are grown in RPMI medium 1640 with 10 %

FBS and 1 % non-essential amino acids, and are propagated in
150 mm culture dishes (see Notes 3 and 4). The cells are split
1:3 when they are approximately 80 % confluent by trypsiniz-
ing with 0.25 % trypsin-EDTA for no more than 4 min for
further propagation. After trypsinizing the cells, plate 1000
cells per well in a 96 well plate with 100 pL of media. Allow the
cells to attach overnight.

. Incubate the RNA-saporin conjugate, RNA alone, streptavidin-

ZAP alone, or 1x binding buffer alone on the cells. Vary the
time and treatment amounts in order to determine the ECs,
and optimize treatment efficiency for each cell line. As a posi-
tive control for saporin-induced cytotoxicity, treat cells with
FGF-saporin conjugate. The optimal amount of FGF-saporin
needed to kill cells may have to be determined a priori. In our
experience, the ECsy of FGF-saporin is anywhere from 0.15 to
1.4 nM depending on the cell line being tested.

. Mix the cellular growth media in a 5:1 ratio with MTS (e.g.,

100 pL of media and 20 pL of MTS per well in a 96-well
plate). Remove media from cells and add 120 pL of the 5:1
media:MTS mixture to each well, followed by incubating for 1
h at 37 °C. Record the absorbance at 490 nm with a 96-well
plate reader such as a Molecular Devices Thermomax micro-
plate reader.

4 Notes

. Conjugation problems: It is possible that conjugating the

aptamer to saporin could ablate the activity of the aptamer. An
aptamer-specific functional assay to verify activity of aptamer-
saporin conjugate, such as the NAALADase describe for the
PSMA aptamer, is recommended. Prior to conjugation to
saporin-streptavidin (ZAP), it is advisable to determine that
the biotinylated aptamer binds to its target and/or retains
function. In the event that placing a biotin on the 5’ end of an
aptamer disrupts its function, we advise positioning the biotin
on the 3’ end. Additional linking chemistries could also be
explored [26-29].

. Variability in the expression of cell-surface receptors: The

expression of cell-surface receptors being targeted with aptam-
ers can vary from cell line to cell line and can also depend on
passage number and growth conditions. We recommend veri-
fying cell-surface protein expression levels for any given
aptamer target receptor prior to performing the cell-based
cytotoxic assay. Flow cytometry using antibodies specific to the
receptor target should be performed.
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3. Because modified nucleic acids are susceptible to degradation
by mycoplasma nucleases [30], it is advisable to ensure that all
cell cultures are free of mycoplasma contamination prior to
performing the cell-based cytotoxic assays.

4. Cell-type variability: Different cell types have different sensi-
tivities to saporin-induced toxicity. The streptavidin-ZAP kit
contains saporin conjugated to FGF (saporin-FGF) as a posi-
tive control to confirm sensitivity to saporin-induced cell death.
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Hapten-Binding Bispecific Antibodies for the Targeted
Delivery of SiIRNA and SiRNA-Containing Nanoparticles

Irmgard S. Thorey, Michael Grote, Klaus Mayer, and Ulrich Brinkmann

Abstract

Hapten-binding bispecific antibodies (bsAbs) are effective and versatile tools for targeting diverse pay-
loads, including siRNAs, to specific cells and tissues. In this chapter, we provide examples for successful
SiRNA delivery using this powerful targeting platform. We further provide protocols for designing and
producing bsAbs, for combining bsAbs with SiRNA into functional complexes, and achieving specific
mRNA knockdown in cells by using these functional complexes.

Key words Bispecific antibodies, Recombinant antibody expression, IgG, Fab, scFv, Hapten, Targeted
delivery, SiRNA delivery, Lipid nanoparticles, Dynamic polyconjugates

1 Introduction

Since its discovery in 1998 by Fire, Mello, and colleagues [1],
major improvements have been made in development of SiIRNA-
based drug candidates [2]. However, the major challenge in thera-
peutic application of SiRNA is still delivery to and into target
organs, tissues, and cells. A multitude of SIRNA delivery systems,
including formulations for targeted delivery, have been evaluated
so far [3—11]. A delivery system for therapeutic use must (1) confer
stability to SiRNA upon application; (2) enable targeting to and
into the desired tissues and cell types; (3) enable release of the
intact SiIRNA from vesicles into the cytosol after uptake by the
target cells, as a prerequisite for mRNA knockdown, and (4) facili-
tate all these requirements without toxic side effects.

Bispecific antibodies (bsAbs) that recognize cell surface
antigens and haptens are effective tools for targeted drug delivery
[12, 13]. We have recently developed a targeting platform consist-
ing of IgG-derived bispecific antibodies (bsAbs) that simultane-
ously bind to both cell surface antigens as well as hapten-coupled
payloads. This bsAb platform is highly flexible and allows rapid
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adjustment of binding stoichiometry (e.g., 2:2; 2:1; 1:1; 1:2), as
well as pharmacokinetic parameters (e.g., Fc-containing IgGs or
Fabs without Fc, thus modulating binding capabilities to the neo-
natal Fc receptor). Using this delivery platform, we have shown
highly effective and specific targeted delivery of small-molecule
drugs and fluorophores in vitro and in vivo [14]. Hapten-binding
bsAb formats can be easily combined with hapten-coupled DNA
or RNA moieties as payloads. Thus, they are well suited for tar-
geted delivery of nucleic acids, both DNA, (e.g., antisense oligo-
nucleotides), and RNA (e.g., SiRNA or SiRNA formulations) [15].

Most approaches that combine protein binding modules (e.g.,
antibody-based molecules) with SiRNA formulations face the
problem in which the manufacturing processes for proteins and
SiRNAs (or SiRNA formulations) are different and hence not com-
patible [15]. Our delivery platform utilizing hapten-binding bsAbs
provides a solution for this problem: First, hapten-binding bsAbs
can be produced in bacterial or eukaryotic expression systems by
established standard procedures. In parallel, hapten-coupled
SiRNA or SiRNA formulations can be manufactured by chemical
synthesis in organic solvents by established standard procedures.
Both processes are separately performed, eliminating the need to
invent one process which accommodates both protein expression
(which requires aqueous buffer solutions) and chemical synthesis
(preferentially performed in organic solvents). Finally, because of
the separation of individual processes, protein and SiRNA produc-
tion can be easily scaled up individually and independently. Another
advantage of this modular system is the possibility to use various
combinations of different payloads (e.g., SIRNAs against different
target mRNAs) with different targeting entities and formats (e.g.,
bsAbs against different target antigens and varying binding stoichi-
ometry). This allows the combination of a given bsAb with a mul-
titude of payloads, or the combination of a defined payload with
different hapten-binding bsAbs. Moreover, for each bsAb-payload
combination, the binding of payload molecules to the bsAb at a
predefined ratio is ensured. This ratio is defined by the number of
binding sites in the chosen bsAb as well as the number of haptens
that are coupled to the applied payload.

The following protocols describe established design, produc-
tion, and purification procedures for generating recombinant IgG-
or Fab-derived bsAbs (Subheadings 3.1, 3.2 and 3.3). These in
turn can be combined with either SiRNA or a broad range of
SiRNA formulations containing surface-exposed functional groups
(e.g., amino or thiol groups), which can be chemically modified
with hapten conjugates. We further describe protocols that ensure
specific coupling of SiRNA or SiRNA-containing nanoparticles to
the bsAb at defined positions and defined stoichiometry
(Subheading 3.4). Finally, we show antibody-mediated SiRNA
delivery to certain cell types (Subheading 3.5), followed by
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internalization and separation of SiRNA or SiRNA-containing
vehicles from bsAbs. This facilitates efficient SIRNA transfer into
the cytoplasm (Subheading 3.6), and enables knockdown of target
mRNA in the desired cell types (Subheadings 3.7 and 3.8).

2 Materials

2.1 Bispecific
Antibodies

2.2 SiBNAs and
Hapten-Gontaining
SiRNA Derivatives

The bsAbs that we use for SiRNA delivery are derivatives of 1gGs
or antibody Fab fragments that bind to cell surface antigens and to
haptens, like digoxigenin (Dig) or modified biotin, as previously
described [7, 8, 13]. For IgG formats, the cell surface-binding
functionalities of these molecules are positioned in the two Fab
arms of the IgG moiety, with two disulfide-stabilized anti-hapten
single-chain Fv (scFv) modules recombinantly fused to the
C-termini of either both heavy chains or both light chains, result-
ing in 2+2 formats (Fig. 1, top). The VH and VL domains of
anti-hapten scFv domains [ 14 ] are held together by flexible linkers
and by disulfide bonds between VH and VL to enhance stability
(VHCys44 to VLCys100, [16-18]. For a different stoichiometry,
a single anti-hapten specific scFv domain can be C-terminally
linked to only one of the two CH3 domains of the antibody dimer,
resulting in a 2+1 format. To enforce heterodimerization, the
two Fc domains of this antibody format are reengineered at the
dimerization interface within the CH3 region: one Fc domain
carries a bulky amino acid substitution (“knob” mutation), the
other Fc domain of the dimer harbors a corresponding “hole”
mutation [19]. As an alternative that results in smaller molecules,
1+1 or 1+2 formats based on Fab fragments of cell-surface-
specific antibodies can be designed, by adding one or two scFv
domains C-terminally to the cell-surface targeting Fab (Fig. 1,
bottom).

Cell-targeting entities, for example, include antibody modules
that bind tumor-associated antigens such as Her2 [20], EGF recep-
tor [21, 22], IGF1 receptor [23], CD22 [24], CD33, VEGF
receptor 2 [15], the LeY carbohydrate antigen [25, 26], and
others.

An important feature of our modular targeting approach is the
linkage of the SiRNA to haptens or to a hapten-containing moiety
without compromising either the SIRNA functionality or the inter-
action between the hapten and the hapten-binding domain of the
bsAb. For direct coupling of hapten to the SiRNA of choice, we
have focused on the 3’ end of the sense strand of double-stranded
SiRNA derivatives. This position in SiRNA was previously found to
tolerate added entities (such as cholesterol [27]) without affecting
SiRNA activity. In accordance with this, we have observed the
potency of 3’-hapten-conjugated SiRNA derivatives, i.e. their
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Fig. 1 Bispecific antibody (bsAb) formats for siRNA targeting. A 2+ 2 IgG format
(top) which contains an IgG constant region (Fc); and a 1+ 2 Fab format (botfom)
are shown. Hapten-binding disulfide stabilized single-chain Fv domains (ScFv’s)
are fused at C-terminal to the natural IgG or Fab (which supplies the cell surface
targeting function) by flexible (Gly4Ser), modules (flexible connector). Likewise,
VH and VL domains of hapten-binding scFvs are linked to each other by flexible
(Gly4Ser), modules (flexible linker). Hapten-binding scFv domains are stabilized
by disulfide bonds between amino acids VH44 and VL100 (arrows)

ability to reduce target mRNA levels, to be the same as unmodified
SiRNA [15]. As examples for hapten-coupled SiRNA that can be
complexed to bsAbs, the structures of digoxigenin (Dig)-
conjugated SiRNA molecules are shown in Fig. 2 (Dig-ds-SiRNA).
As an additional modification, fluorescent compounds such as Cy5
can be attached to the 5" end of the sense strand to enable visual-
ization and tracking of SiRNA (Fig. 2, Dig-SiRNA-Cy5). Hapten
coupling to the 5’ end of the sense strand also yields SIRNA with
good activity in our experience, but is not superior to coupling to
the 3’ end.
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Fig. 2 Hapten-containing payloads for siRNA targeting

Hapten-coupled SiRNA can be directly complexed with bsAbs.
These complexes are able to deliver SIRNA specifically to cells,
which express the respective target antigen on their surface.
However, specific accumulation of SiRNA in intracellular vesicles
(upon internalization) by itself does not result in specific gene
knock-down. The reason for this is that unmodified SiRNA accu-
mulates in endosomal compartments but does not escape into the
cytoplasm [15]. In order to enable delivery into the cytosol, the
SiRNA can be packaged into nanoparticles [3-5, 7, 11, 28-34]
which carry haptens on their surface. These haptens need to be
accessible to bsAbs when incorporated into the structure of the
(large) nanoparticle. Various kinds of nanoparticles for effective
SiRNA delivery have been described, many of which contain
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PEG. Therefore, one way of generating hapten-containing
nanoparticles is the application of hapten-coupled PEG derivatives
as components for nanoparticle generation (Fig. 2, Dig-Lipid).
Incorporation of these reagents into formulations generates hap-
ten-decorated nanoparticles (Fig. 2, SIRNA in Dig-LNP). Hapten-
decorated nanoparticles can in some instances also be generated by
formulating hapten-coupled SiRNAs into standard nanoparticles.
Surprisingly, this results in nanoparticles which have hapten mole-
cules exposed on their surface in an antibody-accessible way (sche-
matic representation in Fig. 2, Dig-SiRNA in LNP). Fluorescently
labeled SiRNA can be incorporated into hapten-decorated
nanoparticles in the same manner without loss of the fluorescent
signal. This can be used for visualization and tracking of hapten-
containing bsAb-targeted nanoparticles.

Two established types of nanoparticles are dynamic polyconju-
gates (DPCs) and lipid-based nanoparticles (LNPs). We have suc-
cessfully used DPCs and LNPs containing hapten-conjugated PEG
lipids for the construction of functional SiRNA moieties for cellu-
lar targeting [15]. DPCs include scaffold-reagents, like poly butyl
and amino vinyl ether (PBAVE), an endosomolytic polymer that is
shielded from nonspecific cell interactions by reversible covalent
modification with polyethylene glycol (PEG). Both SiRNA and
hapten can be attached to the polymer by linkers which are either
stable (e.g., for hapten linkage) or which enable pH-dependent
payload release [32, 34, 35].

Hapten-decorated DPCs can be complexed with bsAb at a
defined molar ratio (e.g., 1:1 or 2:1) to generate bsAb-targeted
DPCs. Loading of bsAbs with SiRNA containing DPCs results in
an increase in molecular weight and hydrodynamic radius which
can be detected by SEC-MALLS. For instance, Dig-polymer-
SiRNA DPCs without bsAb are a polydisperse solution with mol-
ecules of an estimated molecular weight between 300 and 720 kDa
and a hydrodynamic radius from 7 to 10 nm. Addition of bsAb to
form hapten-polymer-SiRNA DPC-bsAb complexes increases the
molecular weight range to 500-1100 kDa and the hydrodynamic
radius to 9-12.5 nm (Fig. 3) [15].

LNPs contain polyethylene glycol (PEG)-lipids whose lipo-
philic acyl chains anchor the hydrophilic PEG molecules in the
particle. This ensures particle stability and structural integrity. The
acyl chains of the PEG-lipids can be of various lengths. The LNPs
which we have successfully used contain PEG-lipids either with a
relatively long C18 anchor that consist of 18 methanediyl groups
and is considered non-exchangeable, or with a shorter C16 anchor
that consists of 16 methanediyl groups and is highly exchangeable
[36, 37]. Hapten-conjugated SiRNA-containing LNPs alone or
complexed with the bsAb in DPBS can be analyzed by dynamic
light scattering (DLS) to determine their hydrodynamic radii and
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Fig. 3 SEC-MALLS of LeY-Dig bsAb complexed with Dig-siRNA-DPC nanoparti-
cles. SEC was performed using a Superose 6 10/300 GL column, on a Dionex
Ultimate 3000 HPLC system equipped with a three-angle laser light scattering
(LS) detector (miniDAWN Treos), a differential refractive index (RI) detector
(Optilab rEx), and a DLS detector (WyattQELS). The signal from the LS detector is
indicated by the black curves in both panels. Upper panel: The molecular weight
(calculated from the LS signal and the Rl detector signal) is indicated by the thick
grey curve. Lower panel: The hydrodynamic radius determined from the signal of

the QELS detector is indicated by the dot cloud

polydispersity indices (Pdi). LNPs can be incubated together with
bsAbs at room temperature (~25 °C; up to 3 h), and the time
course of change in particle size and polydispersity can be deter-

mined by DLS [15, 38].

Hapten-decorated LNP formulations which were successfully
used by us contained a total of 1.4 mol% PEG-lipids, of those were
0.4 or 0.04 mol% hapten-coupled (Dig-modified) C18 PEG-lipids.
The remaining hapten-free PEG-lipids contained C16 lipid-
anchors to enable effective LNP-deshielding and high SiRNA
transfer /transfection potency [36—-38]. Using such LNPs, we have
achieved a knockdown efficiency of up to 90 % knockdown with
1C50 of 1.7 nM (Table 1). Moreover, in contrast to results obtained
with other SiRNA formulations [39], we did not observe any

immunostimulatory effects with these LNPs [15].
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Table 1

Specific and targeted mRNA Knockdown by LeY-Dig and CD33-Dig bsAbs complexed with Dig-siRNA
nanoparticles. Top: DPCs containing Dig-siRNA specific for the Ahal mRNA (target siRNA), or for the
CD45 mRNA as negative control (cntrl siRNA), were prepared as payload. Payload alone, payload
complexed with LeY-Dig bsAb (specific targeting) or payload complexed with CD33-Dig bsAb (non-
specific bsAb) were applied for 30 min to MCF-7 cells (expressing LeY at high levels) or to Hep3B cells
(expressing LeY at lower levels). Cells were washed with DPBS and further incubated for 24 hours.
Cells were lysed and the ratio of mRNA levels of Aha1 to Cyclophilin A was assessed by quantitative
RT-PCR assay.Bottom: LNPs containing Dig-siRNA specific for the Ahal mRNA were prepared as
payload. Payload alone, CD33-Dig bsAb alone, payload complexed with CD33-Dig bsAb (specific
targeting) or payload complexed with CD22-Dig bsAb (non-specific bsAb) were applied for 30 min to
CD33-expressing MOLM-13, Kasumi-1, or MV4-11 cells. Cells were washed with DPBS and further
incubated for 24 hours. Cells were lysed and the ratio of mRNA levels of Aha1 to GAPDH was assessed
by branched DNA assay.

Cell line Target siRNA cntrl siRNA Target siRNA Target siRNA
(LeY+, CD33-) w/o bsAb +LeY bsAb + LeY bsAb + CD33 bsAb
MCE-7 (LeY**+) <5 % <5 % >75 % <5 %

Hep3B (LeY*) <5 % <5 