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Lipid nanoparticles (LNPs) are the most advanced nonviral platforms for
small interfering RNA (siRNA) delivery that are clinically approved. These
LNPs, based on ionizable lipids, are found in the liver and are now gaining
much attention in the field of RNA therapeutics. The previous generation of
ionizable lipids varies in linker moieties, which greatly influences in vivo gene
silencing efficiency. Here novel ionizable amino lipids based on the linker
moieties such as hydrazine, hydroxylamine, and ethanolamine are designed
and synthesized. These lipids are formulated into LNPs and screened for
their efficiency to deliver siRNAs into leukocytes, which are among the
hardest to transfect cell types. Two potent lipids based on their in vitro gene
silencing efficiencies are also identified. These lipids are further evaluated
for their biodistribution profile, efficient gene silencing, liver toxicity, and
potential immune activation in mice. A robust gene silencing is also found
in primary lymphocytes when one of these lipids is formulated into LNPs
with a pan leukocyte selective targeting agent (f; integrin). Taken together,
these lipids have the potential to open new avenues in delivering RNAs into

the sequence-specific cleavage of target
mRNA.Bl However, siRNAs are unable to
cross the cell membrane due to their poly-
anionic nature, therefore suitable delivery
strategies are required to access the target
cell cytoplasm.[*l Nonviral gene therapy
is the most promising strategy to deliver
nucleic acids with less or no immuno-
genic responses compared to viral gene
delivery.”# Lipid nanoparticles (LNPs)
containing ionizable amino lipids are the
most advanced nonviral delivery platforms
for negatively charged nucleic acids.®17
Ionizable amino lipid is a critical com-
ponent of LNPs functionality. Structural
changes during the interaction of ioniz-
able amino lipids with endosomal mem-
brane facilitate the endosomal escape of
nucleic acid.”) However, less than 2% of
the loaded siRNAs are released from the

leukocytes.

RNA interference (RNAi) is a prominent and natural cel-
lular process for understanding gene function in many cell
types.ll' Taking advantage of this process, specific genes
can be downregulated by intracellular delivery of synthetic
small interfering RNA (siRNA) and micro RNA (miRNA)
molecules.Zl Once delivered to the cytoplasm, siRNA can load
into the RNA-induced silencing complex (RISC) and direct

endosomes with a surprisingly high effi-

ciency of almost 100% gene silencing.!'!]

The structure of ionizable lipids is divided
into three major parts: hydrophilic amine head group, hydro-
phobic lipid chain, and a linker region that connects these two
parts. The recently FDA-approved RNAi-based drug, Onpattro
(Patisiran), is comprised of the amino lipid Dlin-MC3-DMA
(MC3) as part of the LNP structure.'l Despite being a pro-
mising candidate, unfavorable adverse effects hinder the use
of MC3 for chronic therapies.3] Predominant liver uptake of
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Figure 1. Chemical structures of the designed lipids.

these LNPs occurred due to apolipoprotein E (ApoE) binding
in circulation followed by the uptake of liver cells via the low-
density lipoprotein (LDL) receptors.['4]

Our objective was to design new lipid structures for siRNAs
delivery that could be delivered beyond the liver in a safe
manner. We specifically concentrated on designing new lipids
for in vivo delivery of RNAi payloads into hard-to-transfect cells,
such as leukocytes. Previous generations of active ionizable
lipids vary only in the linker region, but greatly influenced the
in vivo efficiency in hepatic cells.®! To this end, using a rational
approach, we designed a new class of amino lipid molecules
containing hydrazine, hydroxylamine, or ethanolamine as a
linker backbone. These linkers are easily available and simple
synthetic procedures were needed for the modification. The
lipid chain we have chosen is either a linoleic fatty acid chain,
known to be optimal for activityl"® or a branched lipid chain
that contains labile ester groups.'3l As the headgroups, we
chose regular tertiary amine with single ionizable amine or pip-
erazine head groups with two ionizable amine groups.

The newly synthesized lipids (Figure 1) were character-
ized by NMR and mass spectroscopy methods. LNPs made of
these lipids, encapsulated siRNAs were screened for in vitro
silencing efficiency, followed by their ability to downregu-
late gene expression in leukocyte populations upon systemic
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administration into mice. Additionally, we have evaluated these
new lipids (in the form of LNPs) for potential liver toxicity and
immune system activation.

The structure of the new lipids is shown in Figure 1. All
the lipids were synthesized using standard organic synthesis
procedures (see Supporting Information) and characterized by
NMR and mass spectroscopy (see Supporting Information).
LNPs were composed of ionizable lipid, cholesterol, 1,2-distear-
oyl-sn-glycero-3-phosphocholine (DSPC), and PEGylated lipids
in the molar ratios of 50:38.5:10:1.5, respectively, and assem-
bled using a microfluidic mixing device, Nanoassemblar, as
previously reported.'®”] The produced LNPs were small and
uniformly distributed as evidenced by hydrodynamic diameter
and polydispersity index (PDI). The mean size of LNPs was less
than 100 nm in diameter with PDI less than 0.1 and the surface
potential was almost neutral for most of the lipids composing
the LNPs (Figure 2a,b). The cryo-electron microscopy analysis
revealed that lipid 8 and lipid 10 composed-LNPs were about
50 nm in diameter, spherical, densely packed, and uniform,
in agreement with the dynamic light scattering (DLS) data
(Figure 2c). Interestingly, the size of LNPs with the branched
lipids varies with linkers despite their similar branched hydro-
phobic moieties (Figure 2a and Figure S1, Supporting Infor-
mation). This could be explained by the arrangement of lipid
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Figure 2. Physico-chemical properties of LNPs made from different ionizable lipids (lipids 1-14). a) LNPs mean diameter and PDI; b) zeta potential

measured by Zeta Sizer; c) cryo-TEM analysis of lipid-8- and lipid-10-based

tails during the LNPs assembly. LNPs based on lipids 6, 8, and
10 showed stability in medium with 10% and 50% serum for
24 h (Figure S10. Supporting Information).

Next, we entrapped polo-like kinase 1 (PLK1) siRNA into the
LNPs and screened for their ability to silence gene expression
and affect cell viability in U266 (multiple myeloma suspension
cells). PLK1 is overexpressed in a variety of tumor types and has
a significant role in the maintenance of mitotic integrity. The
silencing of PLK1 will arrest the cell cycle leading ultimately to
cell death.'8 The U266 cells were treated with different LNP-
siPLK1 at a dose of 0.06 uM and the cell viability was measured
by the XTT assay. The lipid DLin-MC3-DMA-based LNPs served
as a positive control. As shown in Figure 3a, the cell viability
was reduced significantly after the treatment with lipid-2-, lipid-
6-, lipid-8-, and lipid-10-based LNPs compared to other lipids,
whereas LNPs containing negative control (NC) siRNAs did not
affect the cell viability (Figure S2, Supporting Information). The
dose-dependent effect of siPLK1 on the cell viability was meas-
ured for the lipid-8- and lipid-10-based LNPs (Figure 3b) and for
the rest of the lipids (Figure S3, Supporting Information). LNPs
containing siNC did not affect the cell viability, demonstrating
the safe use of these lipids (Figure S4, Supporting Informa-
tion). Interestingly, lipids having piperazine head groups (lipids
2 and 10) showed improved transfection efficiency compared
to their tertiary amine head groups (lipids 1 and 8). Moreover,
lipids that had a branched-chain with ester bonds were less
effective than those having linoleic fatty acid chains. This could
be attributed to a better endosomal escape due to the struc-
tural change of linoleic lipid in the endosomes.''l Reduced
PLK1-mRNA levels in U266 cells by LNPs-siPLK1 with lipids
8 or 10 (Figure 3c), was translated into a dose-dependent effect
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on U266 cell viability and apoptosis (Figure 3d and Figure S5,
Supporting Information). The uptake of LNPs based on lipids 2,
6, 8, and 10 by U266 cells was analyzed by confocal microscopy.
In accordance with the above results, LNPs based on lipids 8
or 10 internalized more effectively into U266 cells compared
to LNPs based on lipid 6. LNPs based on lipid 2 were mostly
sticky to the cell membrane (Figure 3e).

Next, we examined the biodistribution of lipid-10-based LNPs
in wild type mice. LNPs formulated with Cy5-labeled siRNA
(siCy5) were administered intravenously and organs were har-
vested and analyzed 2 h and 24 h post-administration. As shown
in Figure 4a,b, lipid-10-based LNPs mostly accumulated in the
spleen compared to the liver at both time points. A vague fluores-
cent signal was observed in the liver after 24 h (Figure 4a,b). As
opposed, lipid-8-based LNPs accumulated more in the liver than
in the spleen (Figure S6, Supporting Information). To evaluate
the linker effect on the LNPs biodistribution, we further tested
the biodistribution of LNPs based on lipids 2 and 6 (Figure S7,
Supporting Information). Interestingly, piperazine head group
lipids (lipids 2 and 10) accumulated more in the spleen than the
liver, whereas tertiary amine head group lipids (lipids 6 and 8)
accumulated more in the liver than the spleen. Previous reports
demonstrated that the biodistribution of liposomes is greatly
influenced by changes in their surface potentials.'”) Neverthe-
less, our results demonstrate that headgroup moieties can influ-
ence the biodistribution profile of LNPs despite differences in
surface potentials (Figure S8, Supporting Information).

Following the unique biodistribution profile of lipid-10-based
LNPs to the spleen, we further focused on the potential of using
lipid-10-based LNPs for in vivo silencing of primary lympho-
cytes.[1629 We have previously shown that CD4-mAD conjugated

(3 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. In vitro gene silencing efficiency in U266 multiple myeloma cells using LNPs. U266 cells were incubated with LNPs-siPLK1 for 72 h at different
doses. a) The effect of LNPs-siPLK1 on cell viability, measured by XTT assay; b) dose-dependent effect of MC3, lipid-8- or lipid-10-based LNPs-siPLK1 on
cell viability; c) dose-dependent effect of MC3, lipid-8- or lipid-10-based LNPs-siPLK1 on PLK1-mRNA levels calculated by qPCR. d) The effect of MC3,
lipid-8- or lipid-10-based LNPs-siPLK1 or LNPs-siNC (0.06 X 107® m) on cell apoptosis analyzed by Pl-Annexin. Results are average + SD from triplicate
experiments, *p < 0.05, **p < 0.001, ***p < 0.0001 compared to untreated cells (two-sided student’s t-test); e) confocal microscopy analysis of lipid-
2-, lipid-6-, lipid-8-, and lipid-10-based LNPs uptake, 15 min and 120 min post-LNPs administration, by U266 cells. (Green: Alexa Fluor 488-CD44 for

membrane staining; Blue: Hoechst for nucleus staining; Pink: siCy5 LNPs).

LNPs specifically target and silence gene expression in CD4* T
lymphocytes in vivo.'®] Here, we have chosen an anti-integrin
B; mAD as a targeting moiety to facilitate the internalization of
LNPs to both CD4* and CD8* T lymphocytes. LNPs were encap-
sulated with siCD45 to downregulate the stable pan leukocyte
marker, CD45.16171 INPs were surface modified with either
an anti-B;-mAb (tLNPs) or isotype control LNPs (isoLNPs)
via conventional thiol-maleimide reaction (Figure 4c). As
shown in Figure 4d-f, tLNPs-siCD45 demonstrated significant
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downregulation of CD45 expression in both CD4* and CD8"
T lymphocytes, whereas isoLNPs had no effect. We observed
CD45 silencing more robustly in lymph nodes compared to
that of splenic lymphocytes (Figure 4d), additionally silencing
was higher in CD8* T-lymphocytes (Figure 4f) compared to
CD4* T-lymphocytes (Figure 4e) in both spleen and inguinal
lymph nodes. However, the silencing observed is limited, as we
previously reported, tLNPs are internalized only in part of the
lymphocyte population. We have also shown that the silencing

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Biodistribution and in vivo gene silencing efficacy using LNPs: a) Biodistribution of Cy5-labeled lipid-10-based LNPs 2 h and 24 h post IV
administration; b) analysis of the total Cy5 fluorescence signal in the liver and spleen (average +SD, n = 3/group, two independent experiments);
c) schematic illustration of tLNP synthesis.; mice were administrated intravenously with tLNPs or isotype controlled matched-LNPs. d) Analysis of in
vivo CD45 silencing in CD4* and CD8* lymphocytes by either tLNPs or isoLNPs; e,f) dot blot analysis of CD45 downregulation by flow cytometry in:
e) CD4" lymphocytes; f) CD8" lymphocytes (n = 5/group, results are average +SD, two independent experiments, ***p < 0.005 isotype versus tLNPs;

*p < 0.05 CD4 versus CD8 of tLNPs, (two-sided student’s T-test).

was attributed to the cells that are internalizing LNPs.*l This
specific population of lymphocytes has remained unknown
and is currently under additional investigation. To demon-
strate the linker effect on gene silencing, we further tested
the gene silencing efficacy of tLNPs containing either lipid
2 (hydrazine linker) or lipid 6 (hydroxylamine) in lympho-
cytes. Lipid-2 tLNPs has no effect on gene silencing, whereas
lipid-6 tLNPs showed significant gene silencing in lymphocytes
(Figure S9, Supporting Information). These results demon-
strated that ethanolamine and hydroxylamine linkers are
more efficient dominators compared to hydrazine linkers in
gene silencing. These results are supported by previous work
demonstrating that LNPs showing surface pK, value of 5.5 to
7.0 exhibiting efficient in vivo gene silencing.®l We measured
the pK, values of lipid-2, lipid-6, lipid-8, and lipid-10 LNPs
(Figure S8, Supporting Information). Except for hydrazine

Adv. Mater. 2020, 32, 1906128
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linker containing lipid-2 LNPs, the active lipids (lipids 6, 8, and
10) exhibited pK, values of 6.2-6.5.

Very recently, LNPs comprising of ionizable lipids were
screened for gene silencing efficacy using a DNA barcode
system. Some of these lipids showed gene silencing in T lym-
phocytes without any active targeting. Nevertheless, silencing
efficacy was not substantial enough to silence stable genes like
pan leukocyte marker CD45.121]

Apart from efficient gene silencing capabilities of the newly
synthesized lipids, it is important to avoid immune activation
and toxicity for the use of these lipids in future clinical settings.
To this end, we have evaluated the liver toxicity and cytokine
secretion of few selected LNPs formulations. We have chosen
lipids 2, 6 and 13 apart from lipids 8 and 10 as a characteristic
structure for the linker effect and acid labile-branched lipids. As
shown in Figure 5a,b, liver enzymes were transiently elevated

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The LNPs based on the new lipids do not activate the immune system or trigger liver enzymes release. LNPs were intravenously administered
into mice at Img/kg siRNA dose. Blood was collected at 2 h and 24 h postinjection and analyzed for liver enzymes release (a,b) and cytokines expres-

sion (c—e). (UT: untreated; average + SD, n =5).

2 h post-LNPs administration to acceptable levels and went
down back to basal levels 24 h post-administration. We further
analyzed cytokine secretion, as shown in Figure 5c—e. The LNPs
did not trigger any significant levels of cytokine elevation in mice
compared to untreated mice. The levels of pro-inflammatory as
well as anti-inflammatory cytokines were normal compared to
untreated mice demonstrating the safe use of these LNPs for
further exploration in clinical translation. Other cytokine levels,
blood cell count, and biochemistry measurements following
LNPs administration are included in the Supporting Information
(Figure S11, Table S1, and Table S2).

In conclusion, we have designed and synthesized novel ion-
izable lipids based on the linkers ethanolamine, hydrazine, and
hydroxylamine for effective gene silencing in hard-to-transfect
leukocyte subsets. The new lipids were shown to efficiently
silence genes of interest in vitro in multiple myeloma cells and
in vivo in primary lymphocytes. Despite the headgroup effect
on the biodistribution profile, hydroxylamine and ethanolamine
linkers are more efficient in gene silencing compared to hydra-
zine linkers. In addition, no major toxic events and immune
activation were observed for the lipids with different linkers.
Taken together, these results suggest that these novel lipids
could open new avenues for delivering RNA payloads to spe-
cific cell types and ultimately could be used in clinical practice.

Experimental Section

All the chemicals were obtained from Sigma Aldrich chemicals unless
mentioned. Linoleic acid was obtained from TCl chemicals, Belgium.
3-(4-Methylpiperazin-1-yl) propanoic acid were obtained from Santa
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Cruz biotechnology, USA. Monoclonal antibodies: Alexa Fluor 488
antihuman/mouse CD44 (clone IM7), FITC antimouse CD8 (clone
5H10-1), PerCP antimouse CD3 (clone 145-2C11), PE antimouse CD19
(clone 6D5) and PE antimouse CD4 (clone GK1.5) were purchased from
Biolegend (CA, USA). Antimouse FIB (clone FIB504) and Rat 1gG2a
isotype (clone 2A3) were purchased from Bioxcell (NH, USA).

Lipids: Cholesterol, DSPC, and DSPE PEG-Mal were obtained
from Avanti polar lipids, USA. The ionizable lipid Dlin-MC3-DMA was
synthesized according to the previously described method.'% Chemically
modified siRNAs against PLK1, NC5, and Cy5-NC5 obtained from IDT.

LNPs were prepared by using microfluidic micro mixture (Precision
NanoSystems, Vancouver, BC) as previously described.'® Briefly,
one volume of lipid mixtures (ionizable lipid, DSPC, cholestrol, and
DMG-PEG at 50:10:38.5: 1.5-mole ratio) in ethanol and three volumes of
siRNA (1:16 w/w siRNA to lipid) containing acetate buffer solutions were
mixed through the micromixer at a combined flow rate of 12 mL min".
In order to synthesize tLNPs, DSPE-PEG-Mal (0.5 mol%) was included
during the synthesis. The resultant mixture was dialyzed against
phosphate-buffered saline (PBS) (pH 7.4) for 16 h to remove ethanol.
For Cy5-labeled particles, 50% Cy5-labeled nontargeted siRNA was used
and the amount of siRNA encapsulated was calculated by ribogreen
assay as mentioned elsewhere.

Integrin 7 1gG (clone FIB504) or Isotype mAbs (clone X63)
were reduced with 3 x 1073 wm dithiothreitol (DTT) for 30 min at
room temperature. DTT was removed by using 7K cut off Zeba spin
desalting columns (Thermo, USA) according to manufacturer protocol.
Maleimide functionalized LNPs were added and incubated for 1 hat
room temperature and overnight at 4 °C. To remove unconjugated
antibody, LNPs were loaded on sepharose CL-4b beads and purified by
gel filtration chromatography using phosphate buffer saline as a mobile
phase. LNPs fractions were collected and concentrated by T00K Amicon
tubes (Millipore).

The size and zeta potential of LNPs-siRNA were measured by dynamic
light scattering using Malvern Nano ZS Zetasizer (Malvern Instruments
Ltd, Worcestershire, UK). Size and zeta potential measurements were
performed in PBS (pH 7.4) and water, respectively.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A drop of the aqueous solution containing LNPs (with or without
mAbs) was placed on the carbon-coated copper grid and dried.
The morphology of LNPs was analyzed by a Joel 1200 EX (Japan)
transmission electron microscopy.

Vitrifies LNP samples were prepared at a controlled temperature
and at water saturation as previously described.?2l Cryo-samples were
examined using a Talos F200C (FEl) using a Gatan 626 cryo holder
maintained at below —170 °C. Images were recorded on a Falcon 3 direct
electron detector (Thermo Fisher Scientific) at low-dose conditions.

Multiple myeloma cells were treated with either siPLK-LNPs or siLUC-
LNPs for 72 h. Cells were then collected and analyzed for viability (XTT
assay), apoptosis (Annexin-Pl assay), and mRNA levels (qPCR).

U266 cells (ATCC) were incubated with lipid-8 or lipid-10 LNPs for 4 h.
Cells were then washed with PBS twice and fixed with 4% PFA
(paraformaldehyde) for 30 min at room temperature. Cells were washed
twice with PBS and blocked with 2% BSA for 1 h at room temperature.
Cells were washed and further incubated with antimouse/human
CD44-Alexa Fluor488 antibody (Bioegend 103016) at a dilution of
1:100 for 1 h followed by the nucleus staining with Hoechst. Imaging
was performed using a Leica SP8 confocal microscope.

8-6 week old C57BL6/) mice were obtained from the Animal Breeding
Center, Tel Aviv University (Tel Aviv, Israel). All animal protocols were
approved by the Tel Aviv Institutional Animal Care and Use Committee.
Mice were maintained and treated according to the National Institutes of
Health guidelines. tLNPs or isotype LNPs containing siRNA against CD45
were injected intravenously on day 1 and day 3 at 1 mg/kg siRNA. Mice
were euthanized after 5 days and organs were collected for further analysis.

LNPs were injected intravenously into C57BL6/) mice. Blood was
collected 2 h and 24 h after injection. The serum was separated and
stored at —80 °C prior to cytokine analysis. Hematology and cytokine
analysis were done at AML central lab services and Pharmaseed
preclinical CRO, Israel, respectively.

The surface pK, values of LNPs were determined using TNS assay
as described previously.'! Briefly, buffer solutions with varying pH
values ranging from 2.0 to 10.0 were prepared using 20 x 10 m sodium
phosphate, 25 x 1073 wm citrate, 20 x 107> M ammonium acetate and
150 X 10 m NaCl. LNPs and 2-(p-toluidinyl)naphthalene-6-sulfonic acid
(TNS, Sigma Aldrich) was diluted into these different pH solutions at a
final concentration of 20 and 6 x 107 m, respectively in a 96 well black
plates. Fluorescence intensity was read on plate reader at an excitation
of 322 nm and an emission of 431 nm. The fluorescence signal at pH
4.6 was taken as 100% and the pK, values were calculated as the pH
corresponding to 50% LNP protonation.

LNPs were incubated for 24 h with PBS with or without fetal calf
serum (10% or 50%) in 37 °C, followed by treatment with or without
Triton X-100 (0.5%). LNPs were then resolved on agarose gel (2%) and
visualized by bioimaging system (MiniLumi, DNR).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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