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Genetic drugs based on RNA or DNA have remarkable therapeutic potential as virtually any disease can be
treated by silencing a pathological gene, expressing a beneficial protein, or by editing defective genes. How-
ever, therapies based on nucleic acid polymers require sophisticated delivery systems to deliver these macro-
molecules to the interior of target cells. In this study, we review progress in developing nonviral lipid
nanoparticle (LNP) delivery systems that have attractive properties, including ease of manufacture, reduced
immune responses, multidosing capabilities, larger payloads, and flexibility of design. LNP systems represent
the most advanced delivery systems for genetic drugs as it is expected that an LNP-short interfering RNA
(siRNA) formulation will receive clinical approval from the Food and Drug Administration (FDA) in 2018 for
treatment of the hereditary condition transthyretin-mediated amyloidosis, a fatal condition for which there is
currently no treatment. This achievement is largely due to the development of optimized ionizable cationic
lipids, arguably the most important factor in the clinical success of LNP-siRNA. In addition, we highlight
potential LNP applications, including targeting tissues beyond the liver and therapeutic approaches based on
messenger RNA or Clustered Regularly Interspaced Short Palindromic Repeats/Cas.
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Introduction

ENETIC INFORMATION FLOWS from genomic DNA to

functional protein products through a messenger RNA
(mRNA) intermediate. Expression of the protein product is
modulated by short sequences of RNA through RNA inter-
ference (RNAI). As a result, genetic drugs based on plasmid
DNA (pDNA), mRNA, and short interfering RNA (siRNA)
are potentially able to treat many diseases by targeting the root
cause rather than blocking downstream signaling pathways or
treating symptoms. Furthermore, the development of gene-
editing approaches using Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) has facilitated the re-
placement of dysfunctional genes with the wild-type allele in a
straightforward manner, potentially enabling correction of
hereditary disorders. The greatest remaining barrier to en-
abling clinical use of genetic drugs is effective intracellular
delivery into target tissues in vivo [1-5]. Viral vectors suffer
from immunogenicity, manufacturing, and other concerns,
whereas nonviral vectors historically have had toxicity and
potency issues. However, the recent successful Phase III trial
of a lipid nanoparticle (LNP) formulation of siRNA to treat
transthyretin (TTR)-induced amyloidosis suggests that non-
viral vectors are starting to overcome the delivery barrier [6].

A key advance has been identification and incorporation of an
optimized ionizable cationic lipid in the LNP-siRNA systems,
alead example being heptatriaconta-6,9,28,31-tetraen-19-yl 4-
(dimethylamino)butanoate (DLin-MC3-DMA or MC3) [7,8].
Incorporation of MC3 in LNP-siRNA systems has led to
highly potent gene silencing systems that are effective for si-
lencing genes in the liver at dose levels as low as 5 pug siRNA/
kg in murine models.

Alnylam® Pharmaceuticals’ formulation, known as Pati-
siran, met all primary and secondary endpoints, and showed
robust and sustained knockdown of TTR [9]. Submission of a
New Drug Application to the Food and Drug Administration
(FDA) was recently completed [10] and the expected ap-
proval of Patisiran in 2018 will mark the first successful
systemic RNAi treatment for patients. The European Medi-
cines Agency (EMA) recently accepted the marketing au-
thorization application for Patisiran [11]. In addition, there
are a number of LNP formulations of siRNA and other ge-
netic drugs currently undergoing clinical evaluation for
treatment of various diseases, including cancer and viral in-
fections (Table 1).

Lipid-based drug delivery systems represent a technology
with a large knowledge base and well-understood design
principles. There are now 10 LNP drugs that have received

'Department of Biochemistry and Molecular Biology, University of British Columbia, Vancouver, British Columbia, Canada.
“Department of Clinical Chemistry and Haematology, University Medical Center Utrecht, Utrecht, the Netherlands.

146



'y J010BJ YIMOIT [BI[OUIOPUD JR[NOSEA ‘YV-JDHA ‘UNIAYISUBT Y[ ‘SUSSNUR PIIRIOOSSE-IOWN) ‘SYV.L YN SULIDHUI 1I0ys “YNIS ] oseuny ayij-ojod ‘131d
¢eN oseuny urajoxd ‘eNIId 6 2dA) urxay ursinqgns aselroauod urajordoid ‘a3 SOJ VN JoSuassowl ‘Y NJW Sua3nue pajeroosse-ewour[ow ‘sy A urejoid ofpurds ursoury ‘dsSy /4 urojoid yooys jeay
‘L¥#dSH ‘ewourdred re[njjeoojedoy ‘QOH ‘snaia g suneday ‘AgH ‘01 uunnS3ewdy ‘01 H ¢, uunngseway ‘L H ‘g urajoid punoq-103dadar 10308) IMOIS ‘7qlD) (SIOWN) ULIDOPUI0INAU [BUTISIUIONISET
‘LAN-ID ‘eurjoydiApnieydsoyd-[Loeforp ‘DJO( ‘7 101dedar y-ad4) utyde ‘gyydg ‘eydre urejoxd Surpuiq 1ooueyue [ VYD ‘VAddD {BIWONNI[ PIO[OAW JNJE “AY ‘BWOUIDIRD [BO1}I0J0UIPE DDV

ouad vgdaD oy

CI091LCO0LON Sunimioar | 100U JOAI] PAOUBAPY  AJBANOE 0) YN SUNLANOE [[ewS eydly eury VdddO-T1LN

€8818LC0LON Suninoar eyy TNV 9S0P-MO[+) dsudsnUL 7q1D sSuIp[oH yied-org (1001d€) uesIagasixald
INJALLS Jsurese

€S1S0STOLON pa1Rduwod [ 19dUB)) JNISEIAUW J0/PUE PIOUBAPY  SYNYYUS SUIPOIUD J0IDIA PIWSE[] dT INLS wiVNYUs-1qd

CCS09800LON 9ANGE | erwoyna A10)oejar 1o pasdejoy VNQ prwseld 10jua) [edIpajy AQUSIOH 'S UONIA 00T-SYAS
(oprurojozowral+) YNA £5d

9G10¥€Z0LON Sunmioar 1 BWOISR[QOI[S JUAIIMOY 2dA)-p[im SUIPOOUD J0109A pIwise[d sonnaderay ], ouonIQUAS €G6-1.D0S
suo3nueodu pazijeuosiad

LSYITECOLON 3unmioar Iooued Isealq oanesou ofdiry, Io/pue sYV ], SUIpooud sy Ny DV Ys9LNorg LIIIN-DINL

€€LOT¥C0LON SunImIdalx | BUIOUB[IN SYVIA SUIPOJUD SYNYW N0 DV Ys9LNoIg LI¥dN-odry
SIIIA BYIZ 9Y) YIIM PIJBIOOSSE

6807 10€0LDON Sunmioar y/1 UonOdJuI SnIIA BYI7Z surdjord owagnue Supodus AW VAIVg/sonnaderdy], BUIOPOA CZET-VNIW

8LLETECOLON Sunmioar | siouwn) prjo§  pazijeuosiad 10J SuIpodud YN YW sonnadeIoy ], BUIOPOIN LSTH- VAW
ASITHD [im pajeroosse surajord

SLOSTEEOLON Sunmioal | uondvjur sniiA eAungunyry) olRSNUE [BIIA SUIPOOUd YNYW  VdYvd/sonnederoy], euIopojy  (88€1-VNIW) 88CI8I-TVA

G8¢9L0€0LON 9ATIOR | uonossJur ezusanguy OTH SuIpodud yNJu sonnaderoy], BuopoiN  (0F[-VNIW) 077905 TVA

ev0SYEE0LON QAldE | uonoul ezuanguy LH 3uIpoous yNjw sonnaderoy], europoly  (1681-VNIW) 1$86EE-TVA

SO¥Z8EEOLON Sunmioar | uonooJuI snIrao[e3owolL) surajord AJND 9 SuIpodud Sy NYW sonnaderay ], BUIOpON LY9T-VNJW

ewoydwA] 10
86€E€TECOLON Sunmiodar [ sIown) pIjos ONEBISEIOW/PIdUBAPY T0¥XO uewny SUIPooUd YN YW sonnaderay ], BUIOpON 91HZ-VNIW
SOITYI€0LON Sunmiodalr sIsoIqrq
6SYLTTTOLON  paredwod [1/q1 siso1qy oneday peoueApy LydSH IsureSe YNYIS qqmbg SIOAA-[0IsLIg/oquaq ONIN  €92986-SINE/1020S-C0T-AN
190UBD
8€9808T0LON Pparodwoo e[f/qr  onearoued o1jeIseIOW IO PIOUBAPY  (QUIQRIOWAS +) ENSIJ ISUTESe YIS Hquo sonnaderay], 90Ul LTomY
9S€16STOLON Sunmioar | SIQOUED PAOUBAPY Tvudd isurese VNS IUR) 100UL) UOSIPUY "N DdOd-Tvudd-vNYIs
SETTOTIOLON  parerdwod /1 DOV/IAN-ID

8L8161C0LON  parerdwoo [/ ODOH 31 Isurese YN YIS ewreydorg smnqly (I 1d-INML) 10£080-ADLL

9601£9C0LON Sunmiodar eyy g sunedoH AgH Inoj [ 1sureSe syN¥ISs o1y, ewreydorg smnqry LOY100-9dV

081C8800LON pajerdwod | slouin) prjog V-ADHA/ISA surese yNIs s[eonnadeulreyq wekury COdSA-NTV

LTIL6STOLON parerdwod g eruo[o1a)s[oyd1dAH 631SDd surese YN YIS s[esnnadeuireyd wekury (DSSOd-NTV) uexsou]

8¥7€096T0LON pase[duwod g SISOPIO[AWIE PAJeIPAW-YLL ULL surese YN YIS s[eonnooeuLreyd  wekury (TOYLL-NTV) uelnsneq

Aa1fipuapy asvyd uoyvIIpUf 3naq

(8107 AAVANY[) SASVASI(] SNOMV A 40 INTAWLVAL], YOI
SAIOY OIATONN ONINIVINOD) SWALSAS AMIAITA(] AESVE-AIdI] 40 STVIA], TVOINIT) QELHOITHOI[] ‘[ 14V ],

*Aluo asn feuossad 104 "0Z/9T/E0 1o Wod'gndLEGR I MMM Wo.4 TTZ'LTT'68T°8ZT Aq papeojumod

147



Downloaded by 128.189.117.211 from www.liebertpub.com at 03/16/20. For personal use only.

148

regulatory approval for delivery of small molecule drugs
[12]. In this study, we review the challenges involved in
extending LNP technology to nucleic acid polymers, the
critical factors that have enabled progress to this point, and
the remarkable way in which LNP technology developed for
siRNA can also be applied to much larger payloads such as
mRNA and pDNA.

Barriers to Gene Therapies Based on Nucleic
Acid Polymers

Initial research in the 1990s focused on the delivery of
DNA, with the aim to induce expression of a gene of interest
in target cells. The half-life of functional pDNA in mouse
whole blood (in vitro) was shown to be ~10min, and even
shorter in vivo upon intravenous (i.v.) administration [13]
where rapid and extensive hepatic accumulation in non-
parenchymal cells were observed. This elimination from
circulation was largely a result of serum nuclease activity and
represents the first major barrier to delivery of nucleic acid
therapeutics. The activation of innate immunity represents a
second impediment [14]. In the case of mRNA and siRNA,
this immune response can be partially circumvented through
chemical modification of the nucleic acids [15]. On the other
hand, pDNA, which is purified from biological sources rather
than synthesized, is less amenable to such modifications. It
also suffers from an increased likelihood of pyrogens (en-
dotoxins) being present in the raw material. However, even if
nucleic acids are heavily modified to overcome serum nu-
clease activity and immune stimulation, they are still subject
to a third barrier, renal filtration (efficient filtration of parti-
cles smaller than ~6nm) [16,17]. Studies into the pharma-
cokinetics of oligonucleotides showed more than 50% of the
dose excreted in urine [18,19]. These observations suggest
that the utility of unmodified nucleic acid polymers as ther-
apeutics is limited due to their poor bioavailability. Mod-
ifications to improve the activity of nucleic acids without
delivery vectors have been reviewed elsewhere [20].

Attempts have been made to improve the bioavailability of
nucleic acid drugs by predosing with negatively charged
polymers such as dextran sulfate [13]. While this improves
the pharmacokinetics, the nucleic acids still do not prefer-
entially accumulate at target sites. Even if accumulation is
achieved, the physicochemical properties of nucleic acids
(bulky size and high charge density) represent a fourth barrier
as they prevent diffusion across the cell plasma membrane.
Internalization through endocytosis presents problems as the
endocytic pathway ends in fusion with the lysosome, where
the nucleic acid polymer would be degraded, requiring es-
cape from the endosome to the cell cytoplasm for the DNA or
RNA vector to be active. In the case of pDNA and CRISPR
therapeutics, there is the subsequent barrier of entering the
nucleus for activity [21] as such transport does not occur
through passive diffusion unless cell division occurs where
the nuclear membrane is temporarily compromised [22].

To achieve delivery across these barriers, many types of
systems have been explored [2—4]. In this study, we focus on
lipid-based delivery systems, and the first demonstration of
lipid-based transfection was an in vitro study by Felgner et al.
using the positively charged lipid, N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride (DOTMA) [23].
Compared to techniques such as calcium phosphate or DEAE-
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dextran-mediated transfection, ‘‘lipofection” was found to be
between 5- to 100-fold more effective. This observation
started the development of lipid-based vectors for nucleic
acid delivery.

Design of LNPs for Delivery of Nucleic Acids

As noted, LNP formulations of small molecule drugs rep-
resent a relatively mature technology. Design features (re-
viewed elsewhere [12,24]) such as optimal particle sizes
(100 nm diameter or less), near 100% encapsulation efficien-
cies, robust manufacturing processes, and low surface charge to
reduce interactions with serum proteins are also required fea-
tures for lipid-based delivery systems for nucleic acids. How-
ever, different loading strategies and manufacturing techniques
are required. These methods must enable efficient and scalable
entrapment (>80%) of nucleic acid polymer as well as an ability
of the resulting LNP to deliver cargo to the cytoplasm of target
cells. To achieve encapsulation of negatively charged poly-
mers, cationic lipids are required; these lipids have gone
through considerable evolution as detailed below.

Cationic lipids and lipoplexes

Early efforts to develop LNP systems relied on entrapment
through passive methods using neutral (zwitterionic) lipids,
which did use electrostatic properties to achieve entrapment.
Such formulations displayed poor entrapment efficiencies
(<40%) [25] and limited transfection potency [26]. The
development of DOTMA [23] enabled more efficient en-
trapment and transfection potency through formation of
complexes where DOTMA was mixed with a “‘helper lipid,”
dioleoylphosphatidylethanolamine (DOPE), and complexed
by mixing with DNA in solution. These complexes, termed
“lipoplexes,” are unstable and characterized by broad size
distributions ranging from the submicron scale to a few mi-
crons. Lipoplexes, such as the Lipofectamine® reagent, have
found considerable utility for in vitro transfection. However,
these first-generation lipoplexes have not proven useful
in vivo. The large particle size and positive charge (imparted
by the cationic lipid) result in rapid plasma clearance, he-
molytic and other toxicities, as well as immune activation
[27,28].

Cationic lipids and LNPs

The first example of an LNP formulation of a genetic drug
(pDNA) containing a cationic lipid employed a detergent
dialysis technique. The approach comprised mixing of pDNA
with cationic lipids (dioctadecyl-dimethyl-ammonium chlo-
ride or DODAC) in the presence of a detergent such as oc-
tylgluopyranoside (OGP), followed by addition to a solution
containing phosphatidylcholine (PC)-lipids and polyethylene
glycol (PEG)-lipid in an OGP solution [29]. The final mixture
was then dialyzed for 36-48 h to remove detergent and form
nanoparticles. At cationic lipid contents of 6-8 mol%, en-
trapment efficiencies of ~30% were achieved, but replace-
ment of the PC-lipid with DOPE resulted in entrapment
efficiencies of 70%. These particles were termed stabilized-
plasmid-lipid-particles (SPLP) and displayed unilamellar
structure under cryo-TEM with relatively monodisperse size
distributions around 70 nm [30,31].
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SPLP exhibited desired long circulation properties with t;,,
of ~7h in mice compared to <10 min for naked pDNA. This
enabled 2.5% of the injected dose to accumulate at a distal
tumor over 24h [31], resulting in expression of a luciferase
reporter in tumor tissue, with very low levels in the liver and
spleen [32]. Importantly, the liver toxicity induced by SPLP
was significantly lower when compared to lipoplexes gen-
erated using the same lipid mixture and lipid-pDNA ratio
[31]. At a dose of 30 pg DNA, lipoplexes induced a 100-fold
increase in levels of liver enzymes alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in serum, while
SPLP at a dose of 175 pg DNA showed baseline levels of
ALT and AST in serum. However, given the low encapsu-
lation efficiency, limited potency, and the fact that the de-
tergent dialysis manufacturing technique is tedious and not
scalable, the SPLP approach was not pursued further.

Efficient encapsulation of high levels of nucleic acid poly-
mers in LNP systems intuitively requires high levels of cat-
ionic lipids to associate with the negatively charged polymers.
However, cationic lipids have inherent limitations for in vivo
use. LNPs with a significant surface charge adsorb serum
proteins and are rapidly cleared from the circulation [12].
Furthermore, cationic lipids combine with endogenous anionic
lipids to form nonlamellar Hyy phase structures [33], thus dis-
rupting cell membranes and accounting partially for their
toxicity. Another contribution to toxicity results from the
production of reactive oxygen species [34—36]. Cationic lipids,
however, are required to achieve efficient loading of nucleic
acid polymers into LNPs. To address this problem, ionizable
cationic lipids such as 1,2-dioleoyl-3-dimethylammonium
propane (DODAP) were developed with apparent pKa values
below 7. LNPs could then be loaded with nucleic acid poly-
mers at pH values below the pKa of the ionizable lipid where it
is positively charged. However, at physiological pH values, the
LNP would adopt a relatively neutral exterior [37]. Devel-
opment of lipids such as 1,2-dioleyloxy-N,N-dimethyl-3-
aminopropane (DODMA) or DODAP (Fig. 1) provided the
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near-neutral charge in circulation, allowing for significant
increases in the circulation half-lives of the particles fol-
lowing i.v. administration [38].

lonizable Cationic Lipids and Ethanol Loading

The detergent-dialysis loading process, while effective for
producing homogenous LNP, is laborious. Thus, ethanol
loading processes were devised for use in combination with
ionizable cationic lipids. The first version involved dissol-
ving lipids in ethanol and adding this solution to an aqueous
solution of antisense oligonucleotides (ASO) in pH 4 buffer
[38]. The resulting particles were then extruded to achieve a
homogenous population of ~100nm LNP, followed by di-
alysis to remove solvent and neutralize the pH. This process
resulted in entrapment efficiencies of 80% for a lipid com-
position of DODAP/DSPC/Cholesterol/PEG-ceramide-C14
(20/25/45/10 mol%). In the next iteration [39], liposomes
were initially formed by extrusion and then subjected to
ethanol concentrations as high as 40% (v/v) in the presence of
ASO at acidic pH. The resulting particles displayed entrap-
ment efficiencies as high as 90% for the ASO and 70% for
pDNA systems. The inclusion of at least 2.5 mol% PEG-lipid
resulted in stable particles, although up to 10 mol% PEG-
lipid was required to maintain particle size through the in-
cubation.

The final iteration of the ethanol loading process involved
the use of a spontaneous vesicle formation process [40] fol-
lowing the Batzri and Korn ethanol injection method [41]. In
this process, the desired lipids are dissolved in ethanol at ap-
propriate ratios, while pDNA is dissolved in an acidic buffer.
The solutions are then rapidly mixed through a T-junction [42]
with an output of 1 mL/s where the ethanolic phase contains
lipid at a concentration of ~20mM. The resulting nano-
particles were then immediately put through another T-
junction to dilute the ethanol concentration. After the first
mixing step, the entrapment was determined to be ~60%,
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FIG. 1. The evolution of lipids to enable gene silencing in vivo. (A) Diffusible PEG-lipid, PEG-DMG, and persistent PEG-
lipid, PEG-DSG. (B) Cationic lipids DOTMA and DOTAP. (C) Ionizable cationic lipids DODMA and DODAP. (D) Optimized
ionizable cationic lipids KC2 and MC3 for in vivo hepatocyte gene silencing. DODAP, 1,2-dioleoyl-3-dimethylammonium
propane; DODMA, 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane;
DOTMA, N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride; PEG-DMG,(R)-2,3-bis(myristoyloxy)propyl-
1-[methoxy poly(ethylene glycol)2000] carbamate; PEG-DSG,(R)-2,3-bis(stearoyloxy)propyl-1-[methoxy poly(ethylene

glycol)2000] carbamate; PEG, polyethylene glycol.
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increasing to 80%-90% after the second dilution. An im-
provement to this loading procedure relied on the combination
of the two mixing steps into a single step to achieve a final
concentration of 25% ethanol (v/v), although the mixing was
performed with a microfluidic mixing device with an output of
2 mL/min, resulting in an effective 30-fold reduction in output
[43]. This method of diluting lipid-in-ethanol into an aqueous
buffer by rapid mixing is now the formulation technique of
choice. These methods have been reviewed in detail elsewhere
[44]. The method achieves effectively complete encapsulation
and has the added advantage of being relatively gentle as re-
quired by nucleic acid polymers. Techniques requiring high
temperature and high shear forces likely cannot be used.

lonizable Cationic LNPs for siRNA Delivery

Application of the ethanol loading technique in combina-
tion with ionizable cationic lipids such as DODAP resulted in
LNP formulations of ASO that had potential in vivo appli-
cations. However, efforts to use LNP systems to improve
ASO gene silencing potency had limited success, while im-
munostimulatory applications had more potential, although
this has not yet been exploited [45-47]. The most compelling
application, however, was for siRNA. Using the dilinoleoyl
version of the ether analogue of DODMA, Dilinoleyl-DMA
(DLinDMA), it was found that LNP-siRNA systems resulted
in significant gene silencing in the liver following i.v. ad-
ministration [48]. These authors used the ethanol loading
T-junction process and the lipid composition DLinDMA/
cholesterol/DSPC/PEG-lipid (30/48/20/2 mol%) to formulate
LNP ApoB-siRNA and showed dose-dependent silencing of
ApoB in the liver 48 h after a single injection, with maximal
silencing of >90% in nonhuman primates (cynomolgus
monkeys) at doses of 1 or 2.5 mg/kg. Significant reductions in
ApoB protein, serum cholesterol, and low-density lipoprotein
levels were observed as early as 24 h after treatment and
lasted for nearly 2 weeks at the highest dose.

The type of PEG-lipid used in the ApoB silencing study was
termed ““diffusible” PEG-lipids, as in the presence of a lipid
sink (such as serum lipoproteins), the PEG-lipids were able to
diffuse out of the nanoparticle in times on the order of minutes
and expose the surface of the LNP [32]. Diffusible PEG-lipids
had shorter acyl chains (C14; (R)-2,3-bis(myristoyloxy)propyl-
1-(methoxy poly(ethylene glycol)2000) carbamate, abbreviated
as PEG-DMQ) than the persistent PEG-lipids (C18; (R)-2,3-
bis(stearyloxy)propyl-1-(methoxy poly(ethylene glycol)2000
carbamate, abbreviated as PEG-DSG) that have extended resi-
dence times used for LNP systems where long circulation life-
times are required (Fig. 1). The use of the diffusible PEG-lipids
to dissociate the PEG coating renders the LNP transfection
competent and contributed significantly to improving trans-
fection. The evolution of these PEG-lipids has been reviewed
elsewhere [49], but it is important to note that the PEG-lipid is
essential to maintaining the size and stability of the LNP before
administration. Furthermore, the use of diffusible PEG lipids
mitigates against an immune response to LNP-associated PEG
as they do not remain associated with the LNP [50].

Design of ionizable cationic lipids and clinical
applications

The initial reason for employing ionizable cationic lipids
was to achieve a system where efficient encapsulation of
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negatively charged polymers could be achieved at low pH,
but which also exhibited a relatively uncharged surface at pH
7.4. However, it soon became clear that the potency of LNP-
siRNA systems for silencing genes in hepatocytes following
i.v. administration was sensitive to the species of ionizable
cationic lipid employed. Thus, a comprehensive screening
process was undertaken to see whether further improvements
over the gene silencing achieved by LNP-siRNA systems in
the liver (hepatocytes) were possible. A guiding hypothesis
was that the most potent ionizable cationic lipids would
satisfy two constraints. The first constraint is that the pKa of
the lipid should be low enough to prevent the LNP from
having a high positive surface charge at physiological pH
values. High surface charge is associated with toxicity and
rapid clearance from the circulation by the fixed and free
macrophages. The second constraint is that the pKa should be
high enough that the ionizable cationic lipid can adopt a
positively charged form at acidic endosomal pH values. This
is so that cationic lipids can combine with endogenous en-
dosomal anionic lipids to promote membrane lytic non-
bilayer structures such as the hexagonal Hy; phase, resulting
in intracellular delivery (Fig. 2). It is well known that cationic
lipids combine with anionic lipids to adopt nonbilayer
structures and lipids that adopt such structures have signifi-
cant membrane-destabilizing properties [33,51,52]. A related
design principle was that the cationic lipid should be rela-
tively unsaturated as it is well established that unsaturated
lipids adopt these nonbilayer structures more readily [53,54].

The polymorphic phase tendencies of lipids can be ratio-
nalized according to the ‘‘shape’ hypothesis [54] where a
comparison of the cross-sectional area of the lipid head group
to the cross-sectional area of the lipid tails determines the
macrostructure formed upon hydration (Fig. 3). Lipids such
as lysolipids and PEG-conjugated lipids with a ‘“‘cone-
shaped” geometry prefer to form micellar structures. Alter-
natively, lipids such as distearylphosphatidylcholine (DSPC)
have a cylindrical geometry compatible with bilayer struc-
tures. Other lipids with small uncharged head groups and
unsaturated acyl chains, such as DOPE, display an “‘inverted-
cone’’ geometry, and preferentially form the inverted hex-
agonal (Hyy) phase [53].

Using a murine Factor VII (FVII) model for hepatic gene
silencing, LNPs containing a variety of ionizable cationic lipids
were evaluated to determine the effective dose to achieve 50%
gene silencing (EDsp). The rational-design process first iden-
tified 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane
(DLin-KC2-DMA, or KC2) as an ionizable cationic lipid that
had improved activity compared to DLinDMA [8]. Further
optimization of the LNP-siRNA systems was achieved by in-
creasing the lipid content to 50 mol% [8], resulting in an EDs
for KC2 of 0.1 mg siRNA/kg with no apparent hepatic toxi-
cities. A subsequent screening study identified heptatriaconta-
6,9,28,31-tetraen-19-yl-4-(dimethylamino)butanoate (DLin-
MC3-DMA or MC3) [7]. The structures of the ionizable
cationic lipids discussed are shown in Fig. 1. The optimized
lipid formulation of MC3/cholesterol/DSPC/PEG-lipid (50/
38.5/10/1.5 mol%) in the same FVII assay displayed an EDs
of 0.005 mg/kg.

MC3 represents the most potent ionizable cationic lipid
thus far identified for hepatic gene silencing. It was deter-
mined that lipids such as MC3 and KC2 exhibited optimal
apparent pK, values in the region of 6.5. This pK, activity
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FIG. 2. Mechanism of transfec-
tion with an LNP formulation of
siRNA. LNP transfection following
endocytosis is mediated by an en-
dosomolytic event where the contents
of the nanoparticle are delivered to
the cytosol of the target cell. (1) As
mentioned previously, in order for the
LNP to become transfection compe-
tent, it requires the PEG-lipid to dif-
fuse from the particle into the lipid
sink. (2) Shedding of the PEG-lipid
from the surface of the particle trig-
gers internalization into the cell. (3)
Following endocytosis, the acidifica-
tion of the endosome results in an
LNP with a strong positive charge on
the surface. (4) Interactions between
the LNP and endosomal membrane
result in a membrane fusion event
that leads to cytosolic delivery of the
payload. LNP, lipid nanoparticle;
siRNA, short interfering RNA.

FIG. 3. The molecular shape
hypothesis and lipid polymorphic
behavior. The molecular shape
hypothesis suggests that the mac-
rostructure adopted by a lipid is
dictated by the geometry of the li-
pid. This geometry is defined by
the cross-sectional area of the lipid
head group and cross-sectional area
of the lipid tails. (Top) A cone-shaped
lipid (large head group, small tail
area) generates positive curvature in
membrane, and in isolation will form
micelles. (Middle) A cylindrical-
shaped lipid does not generate cur-
vature, and in isolation will form
bilayer structures. (Bottom) A lipid
with an inverted cone geometry in-
duces negative curvature and upon
hydration forms the hexagonal (Hyy)
phase, inverted micelles, and cubic
phases (not shown).
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Mixing Time (ms)

FIG. 4. Proposed mechanism of LNP formation and nanostructured core. Increase in solvent polarity (light gray line,
background) drives the self-assembly of LNP-siRNA formulations. LNP-siRNA are hypothesized to form an electron-dense
core structure as a result of significant lipid and nucleic acid present in the internal compartment. (Leff) The first interactions
to occur upon mixing of the ethanol and aqueous streams are those between the ionizable cationic lipids and the negatively
charged nucleic acids. (Middle leff) As the solvent polarity progressively increases, the hydrophobic inverted micellar
structures coalesce generating the core of the LNP. (Middle right) As mixing continues, the more polar lipids (such as PEG-
lipid and DSPC) coat the surface of the nanoprecipitates. (Right) The resulting part has an electron-dense core structure
surrounded by a lipid monolayer. Ionizable cationic lipid (purple), phospholipid (dark gray), PEG-lipid (violet), cholesterol
(light gray), and siRNA (red). DSPC, distearylphosphatidylcholine.

correlation was confirmed by mixing ionizable lipids with
different pKa values to achieve net pKa values ranging from
5.6 to 6.9. LNP-siRNA containing lipids with a net pKa of
~6.5 displayed optimal silencing in the murine FVII model
[7]. Overall, it should be noted that optimization of ionizable
cationic lipids led to a truly remarkable improvement in gene
silencing potency. Initial LNP-siRNA systems composed of
DLinDAP exhibited an ED5q of 40-50 mg/kg, while the EDsq
for MC3-LNP was 0.005 mg/kg, an improvement of more
than three orders of magnitude with no increase in toxicity.
This corresponds to a therapeutic index improvement greater
than 8,000-fold, suggesting clinical utility.

As aresult, LNP-siRNA systems containing MC3 [7,55,56]
rapidly transitioned into clinical trials conducted by Alnylam
Pharmaceuticals to treat transthyretin (TTR)-induced amy-
loidosis, a hereditary disease resulting from mutations in the
TTR gene, leading to deposition of TTR fibrils in cardiac and
nerve tissue. TTR is synthesized predominantly in hepatocytes
and thus susceptible to the gene silencing possible with LNP-
siRNA systems containing MC3. A Phase I clinical evaluation
of the formulation indicated that the LNP-siRNA was well
tolerated at doses up to 0.5 mg siRNA/kg [57]. A subsequent
phase II study determined that only 0.3 mg siRNA/kg body
weight in a dosing regimen of Q3 W was required to achieve
robust gene silencing, with an excellent tolerability profile
[58]. It should be noted that as lipid-based drug delivery sys-
tems have been associated with adverse infusion-related im-
mune events [59], a mixture of immune suppressants is given
before LNP-siRNA [58]. Patisiran recently (September 2017)
completed a Phase III clinical trial that met all primary and
secondary endpoints [9] and exhibited less toxicity than the
control substance (sterilized normal saline). A New Drug
Application for regulatory approval of Patisiran was made to
the FDA in December 2017.

Structure of LNP-siRNA formulations

LNP-siRNA systems containing KC2 and MC3 exhibited
an electron-dense core structure as visualized by cryo-TEM
[60] compared to the clearly lamellar structure of certain LNP

systems containing plasmid [31] or ASO [39]. This electron-
dense core structure has been suggested to result from the
initial formation of inverted micellar structures of cationic
lipids surrounding siRNA molecules that are subsequently
coated with polar lipids, such as the PEG and phospholipids,
as the polarity of the medium increases [43,60] (Fig. 4). This
proposed LNP structure has been supported by a number of
findings such as the dependence of particle size on PEG-lipid
content, *'P-NMR studies showing immobilization of the
nucleic acid, the ‘“‘currant bun’ morphology of entrapped
negatively charged gold nanoparticles, and computer simu-
lations. These findings and their contribution to the suggested
structure are briefly discussed in turn:

(1) It was determined by varying the concentration of
PEG-lipid (at the expense of cholesterol) that particle
diameters could be varied from 120 nm (at 0.25 mol%
PEG-lipid) to 25nm (at 5mol% PEG-lipid) [43].
These observations were consistent with the PEG-
lipid being present in the surface monolayer and thus
dictating LNP size by influencing the surface-to-core
lipid ratio.

(2) “Limit size” refers to the smallest structures com-

patible with a particular lipid composition. The for-

mation of limit-size particles was achieved through
formulation of KC2/PEG-lipid (90/10 mol%) with
siRNA generating 23 nm particles [60]. This size
corresponds to the theoretical size of a single inverted
micellar structure coated with a surface monolayer of

]ilpids [60];

3'PLNMR data of phosphorothioate-modified siRNA

(to prevent overlap from DSPC-phosphate signal)

showed a loss of signal when siRNA was entrapped in

LNP systems, showing that the inverted micellar

structures immobilize the siRNA on the NMR time-

scale [60];

(4) The entrapment of gold nanoparticles through a dif-
ferent charge density provided a “‘tracker” for anal-
ysis by cryo-TEM due to the electron density
differences. These formulations displayed a ‘‘currant

3
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bun’’ morphology, which strongly supports the in-
verted micellar hypothesis [61];

(5) Computer simulations of siRNA interactions with
ionizable cationic lipids suggested periodic compart-
ments in which the siRNA could be immobilized [60];

LNP-siRNA protein adsorption and endogenous
targeting to hepatocytes

The relative specificity of LNP-siRNA systems containing
ionizable cationic lipid for hepatocytes suggested that a tar-
geting mechanism is operating. Given previous results [62]
demonstrating that clearance of neutral liposomes to hepa-
tocytes is mediated by ApoE, its role in delivery of LNP-
siRNA systems was investigated. These studies demonstrated
that LNP-siRNA gene silencing activity was significantly
decreased in an ApoE knockout mouse model (ApoE ") and
activity could be rescued by preincubating the particles with
ApoE before administration [63]. It was therefore concluded
that ApoE association with LNP-siRNA systems plays a
major role in triggering LNP uptake into hepatocytes. It ap-
pears that the LDL receptor plays a role in the ApoE-
dependent uptake. In a low-density lipoprotein receptor
knockout model (LDLR_/_), LNP-siRNA formulations dis-
played less gene silencing activity (leading to higher EDs
values) than in wild-type animals [63]. LNP activity could be
rescued through addition of a multivalent targeting ligand, N-
acetylgalactosamine (GalNAc), for the hepatocyte asia-
loglycoprotein receptor, thereby promoting internalization
through an alternative endocytic route.

ApoE-binding to LNP-siRNA systems subsequent to the
dissociation of the PEG-lipid coating clearly plays a role in
the rapid particle accumulation in the liver following i.v.
administration [64]. A study with a variety of LNP-siRNA
formulations showed that 95% of the injected dose of LNP
with the composition ionizable lipid/cholesterol/DSPC/PEG-
lipid (50/38.5/10/1.5 mol%) accumulated in the liver within
15 min [64]. The size of the LNP system also plays a role in
determining potency with LNP with diameter ~80nm ex-
hibiting maximum gene silencing potency [64]. Smaller sizes
(~25nm diameter) achieved by increasing the PEG-lipid
content to 5 mol% resulted in significantly reduced gene si-
lencing activity using the FVII model. The EDs increased
from 0.05mg siRNA/kg for the 80 nm diameter to 0.8 mg
siRNA/kg for the 25 nm diameter LNP-siRNA system. This
reduced activity was attributed [64] to instability of the
smaller particles leading to dissociation of the cationic lipid
from the particle. The reduced activity could be partially
recovered by increasing the ionizable cationic lipid content to
60 mol% and increasing the ionizable lipid to siRNA charge
ratio (N/P) from 3 to 6, resulting in an improvement of the
EDs, from 0.8 mg siRNA/kg to 0.3 mg/kg [64].

Future Perspectives

Clinical validation of LNP-siRNA systems to silence
genes such as TTR in hepatocytes clearly opens the door to
using similar systems to silence other genes in hepatocytes
such as proprotein convertase subtilisin/kexin type 9
(PCSKD9) for cholesterol-lowering therapy [65]. Important
additional opportunities include the use of LNP systems to
silence genes in tissues other than the liver and the extension
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of LNP technology to delivering mRNA and CRSPR-Cas for
gene expression and gene editing purposes. The ability to
extend gene silencing to nonhepatic tissues will dramatically
extend the range of gene therapies possible, including treat-
ing diseases such as cancer by silencing oncogenes. LNP-
mRNA systems, on the other hand, offer considerable potential
for expressing therapeutic proteins to treat a wide variety of
diseases requiring protein replacement as well as vaccine ap-
plications. Finally, the ability to practice gene editing in vivo
would clearly enable treatment of many hereditary diseases.
A number of these opportunities are now being evaluated in
clinical settings (Table 1).

Design of LNP-siRNA for extrahepatic targets

Liposomal systems used for the delivery of small-molecule
therapeutics often employ a persistent PEG-lipid coat to in-
crease circulation times, resulting in improved delivery to
nonhepatic tissues such as tumor sites [12]. However, in-
corporation of persistent PEG-lipids such as PEG-DSG
achieved the desired circulation times for LNP-siRNA sys-
tems [64], but dramatically reduced transfection competency,
and as observed with a number of cationic lipid systems, can
completely abolish it [66,67]. Thus, while extrahepatic dis-
tributions of LNP containing persistent PEG-lipids can be
achieved, the LNP reaching these tissues have limited
transfection potency. This “PEG-dilemma’” has yet to be
solved.

The situation is further complicated by the dual role of the
PEG-lipid in LNP-siRNA formulations, serving to control
particle size [43] as well as circulation lifetimes in vivo [64].
LNP-siRNA systems containing 1.5% PEG-DSG exhibit a
size of 45 nm, but display rapid clearance (t;,, < 15 min) and
reasonable gene silencing potency, presumably because they
retain the ability to associate with ApoE at these relatively
low PEG contents [64]. In contrast, LNPs containing 5 mol%
PEG-DSG and a size of 25 nm exhibit t;, of ~10-12h [64].
The LNP size can also influence circulation time in another
way; particles with 0.5 mol% PEG-DSG and a size of 80 nm
have a longer circulation t;,, of 3—4h [64], presumably be-
cause these larger systems are less able to pass through the
fenestration of liver vasculature, leading to longer circulation
lifetimes [64]. Higher (5§ mol%) PEG-DSG levels leading to
small particles of 25 nm stay in circulation for longer as they
have a high PEG density precluding adsorption of serum
proteins such as ApoE [64].

LNP-siRNA systems containing PEG-DSG (3-5 mol%;
30 nm diameter) that exhibit long circulation lifetimes (t;/, of
10-12h) have been used to knock down the androgen re-
ceptor (AR), a fundamental driver of prostate cancer, in an
LNCaP xenograft model [68]. However, the dose of LNP-
siRNA required to achieve appreciable gene silencing was
30 mg/kg, more than 6,000 times higher than required to
achieve an EDsg in hepatocytes. In an effort to improve po-
tency, a targeting ligand for the prostate-specific membrane
antigen was incorporated, resulting in improved gene si-
lencing activity [68], but not the orders of magnitude im-
provement required for clinical potential. Similarly,
knockdown activity and tumor growth delay were reported at
distal tumors in an enzalutamide-resistant LNCaP xenograft
model when LNP-siRNA against clusterin was used in
combination with AR-ASO [69]. The aggressive dosing
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regimen in these studies resulted in a cumulative dose of 30
and 50 mg siRNA/kg, respectively. While these doses were
tolerated in preclinical studies, the dose levels employed
were close to maximum tolerated doses, leading to a small
therapeutic index that does not warrant clinical development.
In the central nervous system, ApoE is mainly produced by
astrocytes [70] and transports cholesterol to neurons through
ApoE receptors, which are members of the low-density li-
poprotein receptor gene family. Thus, LNP-siRNA systems
identical to those employed for silencing genes in hepato-
cytes can be used to silence genes in neurons. However,
nanoparticles such as LNP-siRNA do not passively cross the
blood-brain barrier, requiring local administration. The first
demonstration of LNP-siRNA activity in neurons was tar-
geting the GluN1 subunit of the N-methyl-D-Aspartate
receptor following intracortical and intracerebroventricular
administration [71]. Intracortical administration resulted in
silencing around the injection site, while intracerebroven-
tricular administration resulted in more widespread knock-
down. Subsequent studies with LNP-siRNA enabled the
elucidation of a secondary role of the ion exchanger
SLC26A11 as a voltage-gated ion channel involved in neu-
ronal swelling and cytotoxic edema [72]. Suppression of
SLC26A11 by LNP-siRNA-mediated knockdown dramati-
cally decreased neuronal swelling. These studies highlight
the potential of LNP-siRNA for target identification studies,
as well as the potential for therapeutic applications for severe
disorders where direct administration through intracortical,
interventricular, or intrathecal routes is possible.

Design of LNP for gene expression and editing

The initial design of LNP systems (SPLP) for larger nu-
cleic acid polymers was for delivery of pDNA to express a
therapeutic gene. As noted previously, low expression levels
and an inefficient and nonscalable formulation technique
precluded further development. Following the development
of the ethanol loading technique for encapsulating siRNA
into LNP, it was shown that this protocol could also be used to
encapsulate mRNA, pDNA, and other negatively charged
macromolecules [61,73]. This has led to significant advances
to enable mRNA-based therapeutics. Extensive work has
been conducted to develop ionizable cationic lipids opti-
mized for mRNA cargoes [74], leading to improvements in
gene expression in hepatocytes following i.v. administration
that are some 20-fold higher than observed for LNP mRNA
systems containing MC3. Intravenous administration of
LNPs containing unmodified, sequence-engineered mRNA
encoding for erythropoietin (EPO) that was administered
intravenously at a single dose of 1.3mg mRNA in pigs
(20kg) and a dose of 100 pg mRNA in cynomolgus monkeys
resulted in high systemic EPO levels, increased reticulocyte
numbers, and elevation of the hematocrit [75]. This has led to
the possibility of using the liver as a bioreactor to express
therapeutic proteins. A compelling example is the demon-
stration that i.v. administration of LNP-mRNA encoding
VRCO1 (a broadly neutralizing antibody against HIV-1) re-
sults in high levels of the VRCO1 antibody in the circulation
for 7 days in humanized mice. Such levels were sufficient to
afford complete protection against a challenge with the
SF162 strain of HIV 24 h later. This protection required as
little as 15 pg mRNA per animal [76].
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LNP-mRNA systems also show considerable potential for
vaccine applications. Initial work in mice showed that LNP-
mRNA formulations at doses of 5 pg nucleoside-modified
mRNA administered through subcutaneous, intradermal, or
intramuscular injection could result in sustained expression
of luciferase for up to 10 days, whereas i.v. administration
resulted in a burst of expression followed by rapid decrease
over 5 days [77]. A significant body of data has been pub-
lished on the use of mRNA for vaccine applications [78];
certain studies employing LNP systems are of particular in-
terest [76,79,80]. LNP-mRNA formulations encoding the
premembrane envelope protein prM-E derived from the Zika
virus were tested in mice and rhesus macaques and showed
that a dose of only 50 pg mRNA was required to protect
against a Zika virus challenge [80]. Kranz et al. have dem-
onstrated the application of lipid-based delivery of RNA to
dendritic cells for cancer immunotherapy [81]. It was shown
that i.v. administration of RNA lipoplexes resulted in antigen
expression in lymphoid-resident DCs. In addition, lipoplexes
containing RNA encoding viral or mutant neoantigens or
endogenous self-antigens induced strong antitumor responses
in mouse models of melanoma, colorectal cancer, and lung
cancer [81]. The safety and tolerability of the RNA lipoplexes
encoding four tumor antigens (NY-ESO-1, MAGE-A3, ty-
rosinase, and TPTE) are currently under evaluation in a Phase
I clinical trial (NCT02410733, Table 1).

With regard to LNP formulations of pDNA, the application
of the ionizable cationic lipid approach is leading to potent
transfection systems, but the lipid compositions for achieving
maximum transfection differ substantially from those employed
for siRNA. For example, KC2-based LNP demonstrated sig-
nificantly better in vitro transfection than MC3-based formula-
tions [82], and unsaturated ‘‘helper” lipids such as dioleoyl-
phosphatidylcholine, stearoyl-oleoyl-phosphatidylcholine, and
DOPE improved transfection potency. Optimized LNP-pDNA
formulations showed robust, mosaic transfection (with no de-
tectable toxicities) of the developing chicken limb-bud follow-
ing direct in ovo injection [82].

CRISPR-based genome editing has generated much ex-
citement due to the prospect of potentially permanently
curing genetic disorders [83]. However, the safe and efficient
nonviral delivery of the gene-editing components (Cas pro-
tein and a single guide RNA, sgRNA) in vivo have proven to
be a considerable challenge so far [5,84]. Most recently, Yin
et al. developed LNP for delivery of Cas9 mRNA and
sgRNAs (LNP-CRISPR) targeting the mouse PCSK9 gene
for treatment of hypercholesterolemia [85]. A single injection
of LNP-CRISPR in mice resulted in undetectable PCSK9
serum levels, over 80% editing in the liver and a reduction of
total cholesterol by 35%—40% [85]. Results of a 12-month
study in mice with LNP-CRISPR for editing of the TTR gene
were recently announced by Intellia Therapeutics. Results
showed ~97% maintained reduction in serum TTR follow-
ing a single dose and around 70% editing at the target DNA
site in hepatocytes [86].

Summary

The discovery of ionizable cationic lipids has proven to be
a critical factor in the development of clinically viable LNP-
siRNA treatments. Potent lipids such as MC3 allow efficient
encapsulation of siRNA, result in a relatively neutral LNP
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surface charge in the circulation, and are able to promote
escape of the siRNA into the cytosol following endocytosis.
With the likely FDA approval of the first LNP-siRNA for-
mulation for treatment of TTR-mediated amyloidosis in 2018,
there are high clinical expectations for this new class of drugs
for silencing disease-causing genes in the liver and other tis-
sues. In addition, LNP containing ionizable cationic lipids are
facilitating the rapid development of other gene therapies
based on mRNA and CRISPR/Cas. Important issues remain,
such as cost-effectiveness, toxicity, and off-target effects;
however, the fact that LNP formulations of genetic drugs can
now facilitate the knockdown, expression, or editing of vir-
tually any gene in hepatocytes, with the promise of extension
to other tissues, constitutes a major breakthrough in the de-
velopment of (personalized) gene therapies.
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