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Image-based analysis of lipid nanoparticle—mediated
siIRNA delivery, intracellular trafficking and

endosomal escape
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Delivery of short interfering RNAs (siRNAs) remains a key challenge in the development of RNA interference (RNAI) therapeutics.
A better understanding of the mechanisms of siRNA cellular uptake, intracellular transport and endosomal release could
critically contribute to the improvement of delivery methods. Here we monitored the uptake of lipid nanoparticles (LNPs) loaded
with traceable siRNAs in different cell types in vitro and in mouse liver by quantitative fluorescence imaging and electron
microscopy. We found that LNPs enter cells by both constitutive and inducible pathways in a cell type-specific manner using
clathrin-mediated endocytosis as well as macropinocytosis. By directly detecting colloidal-gold particles conjugated to siRNAs,
we estimated that escape of siRNAs from endosomes into the cytosol occurs at low efficiency (1-2%) and only during a limited
window of time when the LNPs reside in a specific compartment sharing early and late endosomal characteristics. Our results
provide insights into LNP-mediated siRNA delivery that can guide development of the next generation of delivery systems for

RNAi therapeutics.

In recent years, synthetic siRNAs have emerged as a promising thera-
peutic modality to silence disease-associated genes. Progress in creating
efficient in vivo delivery systems has been critical for the development
of numerous siRNA-based drugs currently undergoing human clinical
trials!. In vivo intravenous delivery of siRNAs in an active form is
a complex, multistep process. siRNAs have to (i) reach their target
tissue and cells while avoiding RNase-mediated degradation and renal
excretion; (ii) enter target cells, typically by endocytosis; (iii) cross
the endosomal membrane to be released into the cytosol; (iv) bind to
and get loaded onto the RNA-induced silencing complex (RISC) for
silencing of the target gene?. Different systems have been developed for
siRNA delivery by taking advantage of viruses? or of nonviral vectors
such as liposomes, polycationic polymers, conjugates and nanoparti-
cles. These approaches have various levels of efficiency and toxicity*>,
but for most clinical indications they remain unsatisfactory.

LNPs are one of the most advanced delivery systems for siRNAs®7.
They comprise multiple lipids that self-assemble into 60- to 80-nm
particles, thereby encapsulating the siRNA molecules. Efficient gene
silencing in the liver has been demonstrated in multiple species,
including nonhuman primates®-19, even allowing for simultaneous
silencing of multiple genes®!!. More recently, LNPs have shown
robust mRNA silencing in human clinical trials'>!13. Nevertheless, the
precise molecular mechanisms underlying LNP-mediated delivery of
siRNAs are not yet fully understood. We have previously demonstrated

that the uptake of ionizable LNPs and gene silencing in the liver are
dependent on Apolipoprotein E (ApoE) and low-density lipoprotein
receptor (LDLR)-mediated endocytosis'®. These results raise several
questions. Which endocytic mechanisms are responsible for LNP
uptake? To which endocytic compartments are LNPs transported
and with which kinetics? Once internalized, how efficiently can
siRNAs escape from endosomes? Are there cell-specific differences
and how well do in vitro findings correlate with in vivo observations?
Answering these questions could provide essential clues for further
improvements in LNP-based siRNA delivery.

Previous attempts to address these questions have provided limited
information largely due to the lack of reliable methods to visualize
and quantify the uptake of LNPs and the cytosolic release of siRNAs.
For example, up to now evidence for ‘endosomal escape’ has come
either from cells treated with high concentrations of siRNAs (above
the therapeutic range)!” or indirectly as lack of co-localization to the
pH-sensitive dye Lysotracker!6-18,

Here we developed an analytical platform based on a combina-
tion of quantitative light and electron microscopy (EM) to dissect
the mechanisms of LNP-mediated siRNA delivery with high resolu-
tion. Our methodological approach permits us to resolve and quantify
siRNA uptake, trafficking and escape from endosomes in time
and space, at therapeutically relevant concentrations, both in vitro
and in vivo.
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RESULTS

Development of LNPs loaded with traceable siRNAs

To measure the uptake, intracellular distribution, release into
the cytosol and silencing activity of siRNAs, we prepared siRNAs
targeting the green fluorescent protein (GFP) labeled with either
fluorescent Alexa Fluor 647 (siRNA-alexa647) or 6-nm colloidal
gold particles (siRNA-gold). The siRNAs were formulated in LNPs
(final lipid/siRNA weight ratio ~10:1), as previously described!.
The specific nanoparticles used in this study were prepared with
the ionizable lipid DLin-MC3-DMA, disteroylphosphatidyl choline,
cholesterol and PEG-DMG (molar ratio of ~50:10:38.5:1.5), using a
spontaneous vesicle formation formulation procedure’. LNPs were
then analyzed by light (Fig. 1a) and electron (Fig. 1b) microscopy
(EM). Automated quantification of the preparations (~4,000 LNPs)
of the EM images (Supplementary Fig. 1a) indicated that the aver-
age shape (Supplementary Fig. 1b) and size distribution (Fig. 1c)
were not significantly altered in LNP formulations containing
siRNAs conjugated to the fluorescent dye or the gold nanoparticles.
We estimated the mean diameter of these LNPs to be ~60 nm, con-
sistent with the size range for such particles determined by dynamic
light scattering!®. More than 80% of the particles had a diameter rang-
ing from 40 nm to 120 nm that is optimal for silencing in the liver
(A.A., unpublished data).

To determine whether the labeling had any effect on the knock-
down efficiency of the siRNAs, we used an image-based assay to
quantify the downregulation of GFP stably expressed in HeLa cells!®
(Fig. 1d). Dose-response experiments demonstrated efficient (~90%)
downregulation of GFP at a concentration of 80 nM LNP-siRNA-gold
(Supplementary Fig. 1c). At 20 nM concentration, the dose used
previously in vitro'4, the efficacy of LNP-siRNA-alexa647 and LNP-
siRNA-gold was comparable to LNPs containing the unlabeled siRNA
(LNP-siRNA), reducing the GFP intensity by ~60-65% (Fig. 1e). With
morphology and silencing efficiency very similar to those of the origi-
nal formulation, the two traceable LNP platforms were deemed suit-
able for uptake and trafficking studies in cell culture as well as in livers
of treated animals.

Kinetics and mechanisms of LNP uptake

To determine whether endocytosis is required for siRNA delivery
and GFP downregulation, we tested the effect of dynasore. Dynasore
is a small-molecule inhibitor of Dynaminzo, a GTPase required for
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membrane fission in clathrin-mediated endocytosis (CME) and other
forms of internalization?!. Dynasore treatment reduced the uptake
of LNP-siRNA-alexa647 and transferrin by ~75% and ~90%, respec-
tively, compared to control cells (Fig. 2a,b) and prevented the down-
regulation of GFP (Fig. 2a,c).

Based on the evidence that LNP internalization is dependent on
LDLR!4, one would predict that it occurs by means of CME. To test
this prediction, we first compared the kinetics of LNP uptake with
those of low-density lipoprotein (LDL) (Fig. 2d). In contrast to the
linear uptake kinetics of LDL (Fig. 2e, blue curve), the uptake of LNPs
followed an exponential curve (Fig. 2e, red curve), suggesting that the
uptake is biphasic. In the first phase (~1.5 h), LNPs entered cells with
fast kinetics, similar to those of LDL endocytosis (Supplementary
Fig. 2a). However, this accounts for only a small part of the total
uptake (<1%) (Fig. 2d and Supplementary Fig. 2b). The second phase
(2-6 h) accounts for 98% of the total uptake (Fig. 2e). These results
raise the question of which endocytic mechanisms are responsible
for the internalization of the majority of LNPs that enter the cells in
the second phase.

To address this question, we downregulated key components of dif-
ferent endocytic mechanisms?! (Fig. 2f). We observed a ~50% reduc-
tion of LNP uptake upon downregulation of clathrin heavy chain
(CLTC), confirming a role for CME. Moreover, consistent with the
reported ApoE- and LDLR-dependency!4, silencing of LDLR and LDL
receptor-related protein 1 (LRP1) led to a 60-70% reduction in LNP
uptake, whereas high-density lipoprotein (HDL) receptor (SRBI)
downregulation had no effect. It is unlikely that the biphasic uptake
was due to heterogeneous populations of LNPs containing siRNA and
devoid of ApoE, because despite the initial low uptake the majority
(65%) of LNPs did contain ApoE (Supplementary Fig. 3).

Downregulation of Caveolin 1 (CAV1), involved in caveolin-
mediated endocytosis, did not modify LNP uptake. The knockdown
of macropinocytosis regulators (CTBP1, Racl, Rabankyrin-5)21, but
not of CDC42, which regulates the ‘GPI-anchored protein-enriched
early endocytic compartment/clathrin-independent carriers’ (GEEC-
CLIC), led to a ~60% decrease in LNP uptake (Fig. 2f). We further
tested the requirement for macropinocytosis using a pharmacological
inhibitor, ethylisopropylamiloride (EIPA). EIPA treatment reduced
LNP uptake by ~70% (Supplementary Fig. 2c). HeLa cells exposed to
LNPs displayed an approximately fourfold increased capacity of uptake
of a fluid phase marker, 70-kDa dextran (Supplementary Fig. 2d
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Figure 1 LNP-siRNA, LNP-siRNA-alexa647 and LNP-siRNA-gold have similar size and knock-down efficiency. (a,b) Visualization of LNP-siRNA-alexa647
and LNP-siRNA-gold by fluorescence (a) and electron microscopy (b). (c) Size distribution of LNP-siRNA, LNP-siRNA-alexa647 and LNP-siRNA-gold.
(d) HeLa GFP cells control (upper panel) or 72 h after LNP-siRNA-gold (bottom panel). The red outlines correspond to the automated nucleus
segmentation. (e) Quantification of GFP downregulation in HeLa GFP-expressing cells exposed to 20 nM of LNP-siRNA, LNP-siRNA-alexa647 and

LNP-siRNA-gold (n = 3, mean + s.e.m.).
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Figure 2 LNP uptake is mediated

by multiple Dynamin-dependent pathways.
(a) Uptake of LNP-siRNA-alexa647 (40 nM,
4 h uptake, left panels) and GFP downregulation (40 nM, 72 h after
transfection, right panels) with (bottom panels) and without (top panels)
dynasore (80 uM) in Hela cells and HelLa GFP cells. (b) Quantitative analysis
of transferrin-alexa647 (5 ug/ml, 10 min pulse) and LNP-siRNA-alexa647

(40 nM, 2 h and 4 h pulse) uptake in Hela cells exposed to dynasore

(black bars) or without dynasore (white bars). Mean +s.e.m., n= 3.

(c) Quantification of GFP intensity in GFP-HeLa cells treated with LNP-siRNA-
alexa647 (6 h pulse, 40 nM) and different concentrations of dynasore (O, 3, 12
and 100 uM). Mean + s.e.m., n =3, P,ae relative to control. (d) Images of LDL and
LNP-siRNA-alexa647 uptakes for 1 h (left panels) and 6 h (right panels) in HelLa
cells. (e) Uptake kinetics of LNP-siRNA-alexa647 (40 nM, red curve) compared to
LDL-488 (3 ug/ml, blue curve). (f) LNP uptake in Hela cells after silencing of key regulators of CME (CLTC, LDLR, LPR1 and SRB1), Caveolin-mediated
endocytosis (CAV1), GEEC-CLIC pathways (CDC42) and Macropinocytosis (RAC1, CTBP1 and Rabankyrin-5). UT, untreated. Mean £ s.e.m., n= 3,
Piaiue relative to control.
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and Supplementary Fig. 2e), suggesting that LNPs themselves induce
macropinocytosis (see below).

Inhibition of either CME or macropinocytosis reduced the uptake
by 50-70% (depending on the siRNA and target genes, Fig. 2f), sug-
gesting that both pathways are required. Simultaneous downregula-

of macropinosome biogenesis??, did not have a significant additive
effect (Supplementary Fig. 2f) as one could expect from independent
processes. One possible interpretation is that CME is a prerequisite
for macropinocytosis activation, as it is for the entry of adenovirus?3.

To test this hypothesis, we analyzed the formation of macropino-

tion of both CLTC and the Rab5 effector Rabankyrin-5, a regulator  somes upon inhibition of CME. We found that silencing of CLTC
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Figure 3 LNP uptake in Hela cells induces the formation of a hybrid early-late endosomal compartment through recruitment of Rabankyrin-5.

(a) Hela cells incubated (right panels) or not (left panels) with LNP-siRNA-alexa647 (6 h pulse, 40 nM, red) were stained (green) with early endosome
markers, EEA1 (top panel) and Rabankyrin-5 (bottom panel), or late endosome/lysosome marker, LAMP1 (middle panel) 6 h after LNP exposure.

(b) Quantitative analysis of LNPs, EEA1, Rabankyrin-5 and LAMP1 colocalization 6 h after LNP exposure (mean + s.e.m., n = 3). (c) Western-blot
analysis of Rabankyrin-5 protein level upon LNP exposure (o-tubulin used as loading control, n= 3, P=0.2622, 0.5377 and 0.8582 for 2, 4 and 6 h
respectively). (d) Curves of the mean intensity of EEA1 (dashed line) and Rabankyrin-5 (black line) during LNP uptake, expressing the concentration of
these markers per vesicle (mean * s.e.m., n = 3) (Supplementary Fig. 14). (e) Quantitative analysis of the time-dependent total vesicular fluorescence
intensity of Rabankyrin-5 (white columns) and LNPs (black columns). Mean + s.e.m., n = 3. (f) Uptake of LNP-siRNA-alexa647 (6 h pulse, 40 nM, red)
in primary human fibroblast expressing Rab5-GFP. (g) Analysis of EEA1/LAMP1 (dashed line) and Rabankyrin-5/LAMP1 (black line) co-localization
during LNP uptake in Hela cells (mean £s.e.m., n=3).
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Figure 4 Ultrastructural analysis of LNP in vitro trafficking. (a) LNP-
siRNA-gold detected in Hela cells in vitro, by EM. LNP-siRNA-gold was
found in the extracellular matrix close to the plasma membrane (PM) and
inside early endocytic compartment (EE), late endocytic compartment
(LE) and lysosome (Lys) within cells. Magnified images (right panels)
permit appreciation of the suborganelle localization of siRNA-gold.

(b) Time course of quantitative EM analysis of siRNA-gold progression
within early endosomes (blue curve), late endosomes/MVBs (red curve)
and lysosomes (green curve). Mean £ s.e.m., n= 3.

substantially reduced the formation of Rabankyrin-5-positive vesicles
upon LNP exposure (Supplementary Fig. 4a), suggesting that macro-
pinocytosis is activated following the uptake of LNPs by CME.

Next, we determined the contribution of both pathways to gene
silencing. We measured the efficiency of GFP silencing after different
times of LNP uptake followed by 72 h incubation (for GFP silencing).
The first hour of uptake (by CME) resulted in ~10% of gene silencing
(Supplementary Fig. 2g). The uptake from 2 h on (when macropino-
cytosis is induced and adds to CME) yielded the bulk of gene silencing
activity. These results support the idea that macropinocytosis provides
a major contribution to the uptake of LNP and gene silencing activity.
Consistently, EIPA reduced by more than 60% the efficacy of silencing
(Supplementary Fig. 2d).

Taken together, these results suggest that both CME and
macropinocytosis contribute to LNP uptake and gene silencing.
Macropinocytosis is induced following CME and is quantitatively the
major delivery mechanism, as previously reported for other lipidoid-
mediated siRNA delivery systems®.

Recruitment of Rabankyrin-5 during LNP trafficking

We next explored the intracellular pathways of LNP trafficking and
their underlying molecular requirements in HeLa cells. We observed
a ~70% co-localization of LNPs with Rabankyrin-5 (Fig. 3a,b) 6 h
after the cells’ exposure to LNPs. As expected with the increased dex-
tran uptake (Supplementary Fig. 2e), the number of Rabankyrin-
5-positive vesicles increased greatly 6 h after incubation of cells
with LNPs (Fig. 3a, right bottom panel), compared to untreated cells
(Fig. 3a, left bottom panel). Notably, such increase was not due to
an elevation of Rabankyrin-5 protein expression during LNP uptake
(0h, 1;2h,1.09£0.07; 4 h, 0.94 £ 0.07; 6 h, 1.04 + 0.24; Fig. 3¢).
Instead, it was the amount of Rabankyrin-5 on membranes that pro-
gressively increased during the time course, demonstrating an aug-
mented recruitment on LNP-containing vesicles (Fig. 3d).

Could the increased membrane recruitment of Rabankyrin-5
account for LNP uptake? Several lines of evidence support this hypoth-
esis. First, the kinetics of membrane recruitment of Rabankyrin-5
paralleled those of LNP uptake (Fig. 3e). Second, downregulation
of Rabankyrin-5 led to a ~60% reduction in LNP uptake (Fig. 2f).
Third, the uptake of LNPs was constitutive (linear) in cells that
contained Rabankyrin-5-positive vesicles, such as hepatocytes and
NIH-3T3 (Supplementary Fig. 5a—c), and was triggered (expo-
nential) in HeLa cells, which have very few Rabankyrin-5-positive
vesicles (Supplementary Fig. 5d) under normal conditions. Human
primary fibroblasts that contained few Rabankyrin-5-positive
vesicles and poorly endocytosed 70-kDa dextran (Supplementary
Fig. 4b) exhibited almost undetectable LNP uptake (Fig. 3f), and
overexpression of Rabankyrin-5 or H-RasG12V, known to activate
macropinocytosis?>?4, induced an increase in LNP uptake in these
cells (Supplementary Fig. 4b-d). Altogether, these results suggest
that LNP delivery is cell type—specific and LNPs can trigger their own
uptake by a Rabankyrin-5-dependent process.
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Biogenesis and maturation of LNP-containing organelles

What is the intracellular fate of LNP-containing compartments?
Upon internalization, cargo is sequentially transported through early
endosomes, late endosomes and lysosomes?>. The various stages of
transport can be evaluated by the time-dependent colocalization with
specific markers such as early endosome antigen 1 (EEA1) for early
endosomes and lysosomal-associated membrane protein 1 (LAMP1)
for late endosomes and lysosomes. Unexpectedly, we measured a
~70% co-localization of LNPs with all three markers, Rabankyrin-5,
EEA1 and LAMPI1 (Fig. 3a, right panels and insets and Fig. 3b) after
6 h incubation. This high degree of colocalization was not an artifact
of fixation as it was confirmed by live-cell imaging (Supplementary
Fig. 6). Notably, we observed high (~50%) co-localization between
EEA1 and LAMPI1, and between Rabankyrin-5 and LAMP1 in
cells incubated with LNPs (Supplementary Fig. 7a,b) compared to
untreated cells (Fig. 3g).

To gain insights into the biogenesis of the LNP-containing compart-
ments, we analyzed the co-localization of LNPs with Rabankyrin-5,
EEA1 and LAMPI over time. In untreated cells (Fig. 3g), the number
of double co-localized structures was negligible (~4%). However, 6 h
after cells’ exposure to LNPs, the co-localization of LAMP1 with EEA1
or Rabankyrin-5 increased ~8- and ~14-fold, respectively, reaching
~50% of the population of LAMPI-positive vesicles. These results
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Figure 5 /n vivo analysis of LNP bioavailability a
and intracellular trafficking. (a) EM analysis of
LNP-siRNA-gold detection within Kupffer cells
(Kc, left panels), the space of Disse (Sd, middle
panels) and hepatocytes (H, right panels) after
tail vein injection (Lys, lysosome and LE, late
endocytic compartment). (b) Time course of
quantitative EM analysis of LNP-siRNA-gold
detection within Kupffer cells (red curve), the
space of Disse (blue curve) and hepatocytes
(green curve). Mean + s.e.m. (c) Time course

of quantitative EM analysis of siRNA-gold
progression in hepatocytes within early (blue
curve), late endocytic compartment (red curve)
and lysosomes (green curve). Mean + s.e.m.,

n = 3. (d) Liver sections from mice injected with
LNP-siRNA-alexa647 (red) and immune-labeled
for EEAL (green, top panels), Rabankyrin-5
(green, middle panels) and LAMP1 (green,
bottom panels). (e) Quantitative analysis

of LNPs, EEA1, Rabankyrin-5 and LAMP1 d
colocalization 1 h after LNP exposure (mean +
s.e.m., n = 3). (f) Curves of mean intensity of
EEA1 (dashed line) and Rabankyrin-5 (black
line) upon LNPs uptake kinetics, expressing
the concentration of these markers per vesicle
(mean £ s.e.m., n=3).

LNP/EEA1

argue that the LNPs generate a hybrid com-
partment containing simultaneously early
and late endocytic markers.

To further explore the nature of such an
endosomal compartment, we examined its
morphological features at the ultrastructural
level in HeLa cells incubated with LNP-siRNA-
gold for different periods of time. EM analysis
(Fig. 4a) demonstrated that the majority of
LNP-siRNA-gold particles were found within
early endocytic structures and multivesicular
bodies in the early phase of uptake (1.5 h).
They were detected within lysosomes only
6 h after exposure of cells to LNPs (Fig. 4b).
This is unexpected because we observed that
the late endosome/lysosome marker LAMP1 had already co-localized
with LNP-siRNA-alexa647 at 2 h (Supplementary Fig. 7c,d).
Altogether these results indicate that siRNAs delivered with LNPs
accumulated in a compartment having biochemical and morphological
characteristics of both early and late endosomes and that matured
slowly, thus delaying transport into lysosomes.

LNP/Rabankyrin-5

LNP/LAMP1

Bioavailability and intracellular trafficking of LNPs

Because the intracellular trafficking properties of LNPs and siRNAs
in cultured cells were unanticipated and may have implications for
siRNA escape, we validated these observations in a more relevant
system in vivo. First, we dosed mice with LNPs containing siRNA-gold
at therapeutically relevant concentrations (0.6 mg/kg) through tail
vein injection!! and inspected their bioavailability to the different cell
types of the liver (Fig. 5a). We found that 30 min after tail vein injec-
tion, the endosomes and lysosomes of Kupffer cells, resident macro-
phages of the liver, were loaded with siRNA-gold (Fig. 5b). The LNPs
were detected in the space of Disse 1 h after injection, concomitant
with the onset of LNP uptake by hepatocytes (Fig. 5b). In hepatocytes,
siRNA-gold was found in early and late endocytic compartments at
2 h and in lysosomes at 6 h (Fig. 5¢). Consistent with the in vitro
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observations (Supplementary Note and Supplementary Fig. 8), the
lysosomal marker LAMP1 was already detected at 1 h (Fig. 5d.e),
demonstrating the delay in maturation of the hybrid early-late endo-
somal compartment. Moreover, we confirmed that the recruitment of
Rabankyrin-5 was increased in vivo (Fig. 5f). The consistency between
the data obtained in HeLa cells in vitro and hepatocytes in vivo suggests
that the formation of Rabankyrin-5-positive structures is a key feature
of LNP uptake and intracellular trafficking.

Quantification of siRNA escape
The escape of siRNA from endosomes into the cytosol is thought to
be a rate-limiting step for many delivery approaches?. The lack of
efficient methods to follow and quantify siRNA release from endo-
somes prevents (i) testing this hypothesis, (ii) gaining mechanistic
insights into siRNA escape and (iii) developing the next generation
of delivery systems for siRNA therapeutics. Recent studies have
reported the detection of siRNA escape by light microscopy!>-18.
However, this requires much higher doses of LNPs, well above the
therapeutic range.

We first used time-lapse confocal fluorescence microscopy to visu-
alize the lifetime of compartments loaded with LNPs and capture
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Figure 6 /n vitro and in vivo cytosolic release of siRNAs occurs in a specific stage of LNP intracellular
trafficking, most probably within the early endosome. (a) Time-lapse fluorescence microscopy analysis
of LNP-siRNA-alexa647 (40 nM, 3 h pulse, red). Insets focus on one endosome during the time course
(arrow). (b) Quantification of the number of endosomes containing LNPs within cells over time in two
independent experiments (green and red curves). (c) siRNA-gold concentrates within the late endocytic
compartment (LE) and lysosomes (Lys) of HelLa cells in vitro (top panel) and hepatocytes in vivo
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(bottom panel). siRNA-gold can be detected within the cytosol reflecting escape of siRNAs from the

endolysosomal system (inset). (d) Mathematical modeling of siRNA escape from endosomes leads to

two models in which the release occurs in all stages (top panel, linear curve) or in a specific stage (bottom panel, sigmoidal curve) of LNP intracellular
trafficking. (e) Experimental results: quantification of cytosolic siRNA-gold release kinetics in liver section in vivo (black line) and in Hela cells in vitro
(dashed line). (f) Quantification of cytosolic siRNA-gold, with and without bafilomycin-Al (2.5 uM, n= 3).

the release of siRNA into the cytosol. We observed that the vesicular
compartments accumulating siRNAs were stable over long periods of
time (Fig. 6a) and that their number and content did not significantly
vary during the time course (Fig. 6b). These results argue that siRNAs
delivered by LNPs at therapeutic doses are not massively released
due to bursting of individual endosomes or permeabilization of the
limiting membrane of endosomal compartments. More likely, the
release is restricted to a limited number (a few hundreds) of siRNAs
escaping from multiple endosomal compartments and undetectable
by standard fluorescence microscopy methods.

To overcome this limitation, we analyzed cells loaded with LNP-
siRNA-gold by EM. This approach allowed us to detect and semi-
automatically quantify (Supplementary Fig. 9) the ratio of siRNA-gold
within endosomal structures and in cytosol in vitro and in vivo. Our
analysis yielded two important results. First, we could directly visual-
ize siRNA-gold particles released into the cytosol (Fig. 6¢). Because
the siRNA-gold conjugates encapsulated in LNPs exhibit similar
silencing activity to the unmodified LNP-siRNA, it appears that the
presence of the 6-nm gold particles does not significantly affect intra-
cellular trafficking and siRNA release. Second, we measured a low rate
of escape. In HeLa cells, we estimated a release efficacy of 1.34 +0.08%
leading to an escape of 249.8 & 10.87 siRNA-gold per cell after 6 h
(Supplementary Note). We found consistently that only 1.66 +0.07%
of siRNA-gold escaped endosomes in hepatocytes in vivo, reaching
186.05 = 10.51 siRNA-gold per cell after 6 h (Supplementary Note).
These results are in agreement with the lack of detectable fluorescently

labeled siRNAs in the cytosol by light microscopy (Figs. 1,2,4,5 and
Supplementary Note). In Kupffer cells, even when the endosomes
and lysosomes were heavily loaded with LNPs (Fig. 5a,b), we were
not able to detect siRNAs-gold in the cytosol, a result that correlates
with the lack of silencing in these cells at these doses (W.Q. and A.B.,
unpublished data).

Naked siRNA-gold conjugates did not reach the cytosol and silence
GFP under the same conditions (Supplementary Fig. 10). We cannot
exclude the possibility that a fraction of siRNA-gold particle linkers
were cleaved within the endosomes before release into the cytosol
and, thus, escaped detection. However, it is important to note that
the number of gold particles detected in the cytosol is in the range of
the number of siRNAs previously estimated to be required for silenc-
ing?’. Additionally, GFP silencing is highly correlated (R? = 0.98)
with the estimated number of cytosolic siRNA-gold per cell in the
linear phase of the curve (Supplementary Fig. 11). Furthermore, by
Ago2 immunoprecipitation followed by STEM-Loop RT-PCR, it was
shown that only about 3% of the total siRNAs were associated with
the RISC complex 24 h after injection?8. This value lies in a similar
range as our estimate (1-2%). Our approach demonstrates that the
lower silencing efficiency with a less active formulation (LNP-035)
was predominantly due to a less efficient release of siRNA-gold
from the endosomal compartment (Supplementary Fig. 12a,b),
rather than reduced LNP uptake (Supplementary Fig. 12a,c), indi-
cating that efficient uptake did not necessarily result in efficient
gene silencing.
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From which endosomal compartment do the siRNAs escape? To
address this question, we first developed a mathematical model, based
on ordinary differential equations to discriminate between a scenario
in which the release occurs at a specific stage and one in which it occurs
throughout the whole endolysosomal system (Supplementary Note).
The model predicted different endosomal release kinetics for the two
limiting cases for continuous internalization of LNPs. If the release of
siRNAs occurred at all endosomal stages of LNP trafficking, cytosolic
escape would be predicted to follow linear kinetics. By contrast, if the
release occurred within a specific endosomal compartment, cytosolic
escape should follow sigmoidal kinetics (Fig. 6d). We tested this
model in vitro and in vivo by quantifying the ratio of cytosolic and
total siRNA-gold during a time course and found that the release of
siRNA-gold followed sigmoidal kinetics, arguing that siRNA escape
occurs only at a specific stage of the endosomal trafficking of LNPs
(Fig. 6e). The cytosolic release was not saturated by high doses of
LNPs (Supplementary Fig. 11c¢), indicating that our experimental
conditions were within the linear range. These results are consistent
with the linearity previously observed between LNP dose and the
number of RISC-loaded siRNAs?7-2%.

To determine at which stage this release occurs, we blocked
endosomal progression by using a pharmacological approach.
Nocodazole treatment, well known to alter endosomal progression,
did not inhibit GFP downregulation (Supplementary Fig. 13a).
By contrast, bafilomycin treatment, which blocks endosomal
acidification and inhibits progression of early to late endosomes
(Supplementary Fig. 13b-d), inhibited LNP uptake but did not alter
the efficiency of release of siRNA-gold (Fig. 6f). These results suggest
that the siRNA release mainly occurred in a moderately acidic, early
endocytic compartment.

DISCUSSION

In this study, we developed an analytical methodology to visualize
LNP-mediated siRNA uptake, trafficking and escape from endosomes
at therapeutically relevant concentrations. We used trackable particles
and analyzed their distribution in vitro and in vivo using a combination
of light microscopy and EM, quantitative image analysis and math-
ematical modeling. Our spatio-temporal analysis provides insights
into the mechanisms, kinetics of cellular uptake and progression
along the endosomal route, highlighting similarities and differences
between cells in vitro and in vivo. We found that LNPs are internal-
ized by a mechanism involving both CME and macropinocytosis.
LNP uptake was inducible in HeLa cells by Rabankyrin-5-dependent
macropinocytosis, in contrast to hepatocytes that constitutively
internalized LNPs in vivo. An interesting finding of our quantitative
analysis was that only a small fraction (1-2%) of siRNAs were released
from endosomes and such release occurred only at a defined stage
of endosomal progression. These findings suggest that the efficient
delivery of functionally active siRNAs may be limiting even for state-
of-the-art LNPs with excellent in vivo activity. Our results have the
following important implications for the development of strategies to
further improve the delivery of RNAI therapeutics.

Although LNP uptake clearly depends on receptor-mediated endo-
cytosis'4, not all cells are equally competent for efficient and rapid
LNP internalization. The delay of LNP uptake in the first 2 h observed
for HeLa cells may, at least in part, be explained by the fact that the
particles contain a polyethylene glycol (PEG)-lipid for steric stabi-
lization during preparation and storage. The PEG shield is known
to prevent or at least reduce the interaction of the particles with the
cell surface and needs to be released for efficient cellular uptake. The
PEG-lipid used here contained short (myristyl) tails, which allow for
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rapid exchange of the PEG-lipid in vivo3%-31. However, deshielding of
the particles in cell culture may be slower and hence delay the cellular
uptake. In addition, such a difference in uptake between HeLa cells
in vitro and hepatocytes in vivo could be explained by the recruitment
of yet unidentified blood components that could accelerate uptake.
Nevertheless, the kinetics of uptake in NIH3T3 cells, mouse hepa-
tocytes in culture and in vivo are much faster than those in HeLa
cells, suggesting that cell-specific mechanisms are key factors deter-
mining the mode of uptake. The exponential kinetics observed in
HeLa cells for the LNPs analyzed in this study argue also in favor of a
triggered process, consistent with macropinocytosis as an inducible
entry mechanism. CME entry of LNPs seems to be a rate-limiting
factor for macropinocytosis activation (Supplementary Fig. 4a). Our
observations are reminiscent of adenovirus infection, where CME
is the initial entry mechanism but subsequently triggers macropino-
cytosis?®. Macropinocytosis is a highly flexible process allowing
for the uptake of large volumes of fluid and high molecular weight
molecules (e.g., 70-kDa dextran) and has been previously shown to
be involved in other lipidoid-mediated siRNA delivery®. Our results
suggest that modulation of cellular uptake of LNPs (receptor binding,
mode of entry) is one of the areas that may allow for further improve-
ments. As shown previously, the use of specific targeting ligands can
deliver LNPs to target tissue independent of endogenous delivery
mechanisms'4. This may be of particular interest for targeting extra-
hepatic cells and tissues.

Endosomal trafficking is a second area of potential improvement.
We demonstrated that LNPs concentrated in a slowly maturing, hybrid
early-late endocytic compartment. Strong EEA1 and LAMP1 colocali-
zation has been found associated with an arrest of early endosomal
maturation in murine cytomegalovirus-infected cells32. Our data
are consistent with escape occurring mainly from an early endocytic
structure before transport to late endosomes/lysosomes. Escape may
also occur from macropinosomes, as they have been attributed a high
rate of leakiness?3. The mechanism leading to the formation of an
early-late hybrid endocytic compartment is still unknown. Ionizable
lipids could interact with the endosomal lipids or alter the luminal
pH, leading to alteration in the machinery underlying endosomal
conversion3? and transport to lysosomes, for example, SAND1/Mon1
(ref. 34). Retarding the progression of the LNPs along the endocytic
pathway or diverting more of the material to the macropinocytic path-
way may be one possible area of intervention to improve the efficacy
of siRNA release.

Our findings suggest that only a very minor fraction (1-2%) of
siRNAs were released from endosomes. We found only ~200 cytosolic
siRNA-gold per cell at 6 h both in vitro and in vivo. With an average
of 10-20 siRNA molecules per gold particle, this amounts to a maxi-
mum of 2,000-4,000 siRNA molecules per cell, which is in the range
of the estimated levels of functionally active siRNAs interacting with
the RISC per cell at therapeutically relevant concentration?%3°. This
explains why, in contrast to previous reports'>-18, we were unable to
detect siRNA escape by fluorescence microscopy methods. Our obser-
vation is reinforced by earlier work3, demonstrating that siRNA-FITC,
which appear as bright concentrated dots when loaded in endosome,
become undetectable after endosomes burst owing to dilution into
cytosol30. We estimated that at least 20,000 cytosolic siRNAs are
required to visualize a diffuse (cytosolic) fluorescence signal in HeLa
cells (~115,000 in hepatocytes) under the detection limit of our con-
focal microscopy set-up (Supplementary Note), both far above the
~200 cytosolic siRNA-gold particles detected in our EM analysis.

These results raise the question of the mechanisms whereby
siRNAs escape from endosomes to reach RISC in the cytosol.
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Several lines of evidence are inconsistent with the “proton sponge” effect,
a commonly proposed mechanism for LNP-based siRNA delivery?®.
First, we could not detect endosomes bursting during LNP traffick-
ing by live cell imaging. Second, the gold-siRNAs were concentrated
within a closed bilayer membrane. Third, bafilomycin, an inhibitor
of vacuolar-type H*-ATPase (V-ATPase), did not alter the release of
siRNA-gold. However, our findings are consistent with the mechanism
of lipid exchange and ion pair formation between the ionizable lipid
and negatively charged lipid components of the endosomal membrane
during acidification of the endosome®” and the importance of the
acid dissociation constant (pK,) of the ionizable lipids for efficient
siRNA delivery, with an optimum pK, between 6.2-6.5 (ref. 7). On
the other hand, it cannot be ruled out that lipid-independent mecha-
nisms participate in the siRNA escape from endosomes as suggested
by the fact that naked siRNA, siRNA-GalNAc and siRNA-IgG have
been reported to downregulate genes in vivo*¥-40. One could con-
sider low-throughput siRNA channels or transporters*1:42 as potential
low efficiency release mechanisms. However, our observation that
siRNAs-gold particles, estimated as above >8 nm, escaped endosomes
and were active in gene silencing suggest a mechanism that is not
restricted to the size of single siRNA duplexes. This suggests that
endosomes are to some extent leaky to content escape, as observed
in cell-free systems*3-44,

By demonstrating that escape from endosomes is a key rate-limit-
ing step in siRNA efficiency, we propose that this provides the major
opportunity to improve the delivery system. Strategies to enhance
siRNA release and improve silencing efficiency in vivo may require
further optimization of LNP composition and could involve the uti-
lization of additional membrane-active components, such as cell-
penetrating peptides*>4, or lipid components, which facilitate siRNA
release from the carrier. Moreover, one promising approach could be
to generate bio-inspired LNPs by incorporating molecular features of
exosomes to harness cell-catalyzed endosomal fusion mechanisms?’.
Furthermore, because we demonstrated that the release occurs in a
specific stage of LNP endosomal trafficking, the siRNA discharge from
LNP lipids could also be seen as a rate-limiting factor for silencing
efficacy. Indeed, permanently charged lipids or inducible lipids with
higher pK, could impede siRNA discharge in the endosomal release
window. Therefore, our results point at the importance of carefully
selecting the lipid composition of the LNPs. Nonetheless, to select and
validate formulations for their potential to improve siRNA release,
reliable methods to quantify siRNA in various subcellular compart-
ments are required. In this respect, our methodological approach can
serve as an accurate analytical method to achieve this goal.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Animals. All animal studies were conducted in accordance with German
animal welfare legislation and in strict pathogen-free conditions in the
animal facility of the Max Planck Institute of Molecular Cell Biology and
Genetics, Dresden, Germany. Protocols were approved by the Institutional
Animal Welfare Officer (Tierschutzbeauftragter), and necessary licenses were
obtained from the regional Ethical Commission for Animal Experimentation
of Dresden, Germany (Tierversuchskommission, Landesdirektion Dresden).
All procedures used in animal studies conducted at Alnylam Pharmaceuticals
were approved by the Institutional Animal Care and Use Committee and were
consistent with local, state and federal regulations as applicable. C57BL/6NHsd
8-12 weeks old male mice (Harlan laboratories) were injected with 0.6 mg/kg
of LNP-siRNA-gold or LNP-siRNA-alexa647 by tail vein injection. For EM
analysis, after 0.5, 1, 1.5, 2 and 6 h after injection, mice were euthanized using
cervical dislocation and liver was harvested and fixed in glutaraldehyde. For
immunofluorescence analysis, after 0.5 and 1 h after injection, mice were first
perfused with paraformaldehyde 4% for 30 min before liver collection.

Antibodies and reagents. Rabbit anti-EEA1 and rabbit anti-Rabankyrin-5
were developed in our laboratory as previously described??. Rat anti-LAMP1
antibody was purchased from BD Bioscience (Heidelberg, Germany). Goat
anti-rabbit and goat anti-rat secondary antibodies, labeled, respectively, with
Alexa Fluor 488 and Alexa Fluor 555, were obtained from Molecular Probes,
Europe. Dynasore, Nocodazole, bafilomycin Al and EIPA were purchased
from Sigma-Aldrich Biochemie (Hamburg, Germany). ApoE was obtained
from Fitzgerald (Acton, MA, USA). Transferrin conjugated to Alexa Fluor
647 was purchased from Molecular Probes, Europe. LDL was purified from
human serum and labeled with Alexa Fluor 488 as previously described33.
Large Dextran (70 kDa) was obtained from Invitrogen. FITC-labeled ApoE
was made at Alnylam.

siRNA modification and formulation into lipid nanoparticles. The siRNAs
used in this study target GFP (eGFP plasmid, Clonetech). The unconjugated
siRNA-1 consisted of a 19 basepair duplex with two-nucleotide overhangs
on both ends: sense 5-AcAuGAAGcAGcACGACuUdT*dT; antisense:
5-AAGUCGUGCUGCUUCAUGUAT*dT. The siRNA used for fluorescent
microscopy studies (siRNA-2) was labeled at the 3’-end of the antisense
strand with Alexa Fluor 647: antisense: 5'-AAGUCGUGCUGCUUCAUGUd
TdTL48. For conjugation to gold nanoparticles, the sense strand of siRNA-3
contained an extended 3’-overhang carrying disulfide functionality: sense
5’-AcAuGAAGcAGCACGACUUdATdTdTdTdTdTdTdTdTdTdTdTQ51dT. The
lower-case letters represent 2’-O-methyl-modified nucleotides, asterisks rep-
resent phosphorothioate linkages, L48 represents Alexa Fluor 647 conjugated
to a 4-hydroxyprolinol-based linker and Q51 represents 6-((6-hydroxyhexyl)
disulfanyl)hexyl phosphate. RNA oligonucleotides were synthesized using
commercially available 5”-O-(4,4’-dimethoxytrityl)- 2"-O-t-butyldimethylsilyl-
3’-0-(2-cyanoethyl-N,N-diisopropyl)-protected phosphoramidite mono-
mers of uridine, 4-N-acetylcytidine, 6-N-benzoyladenosine and 2-N-
isobutyrylguanosine and the corresponding 2’-O-methyl phosphoramidites
according to standard solid-phase oligonucleotide synthesis protocols?s.
The crude oligonucleotides were analyzed by liquid chromatography-mass
spectrometry, purified by anion-exchange high-performance liquid chromato-
graphy (IEX-HPLC) and desalted by size-exclusion chromatography, as
described previously*>>?. siRNA duplexes were prepared by annealing equal
molar amounts of sense and antisense strands in PBS buffer>’. For the anti-
sense strand labeled with Alexa Fluor 647, a precursor oligonucleotide carrying
a primary amino group at its 3’-end was synthesized on controlled pore glass
support preloaded with a 4-hydroxyprolinol-based linker bearing two ortho-
gonally protected reactive sites, a primary hydroxy group for oligonucleotide
synthesis and a primary amino group for conjugation®!. After deprotection,
the amine-containing precursor oligonucleotide was purified and desalted.
To the precursor dissolved at a concentration of ~1 mM in 0.1 M sodium
tetraborate buffer (pH = 8.5), we added four equivalents of the Alexa Fluor
647 NHS ester (Life Technologies) in DMSO (~30% of the volume of the aque-
ous RNA solution) and the mixture was shaken at room temperature for 3 h
before the crude conjugate was purified by IEX-HPLC and desalted. For the
sense strand carrying the disulfide functionality, the Thiol-Modifier C6 S-S
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(Glen Research) was introduced by phosphoramidite chemistry according to
the manufacturer’s protocol.

Gold nanoparticles (AuNPs) conjugated with siRNA were prepared using
a procedure modified from previously reported protocols (Supplementary
Methods). In a typical preparation, 200 mg of bis-(p-sulfonatophenyl)pheny
Iphosphine dihydrate dipotassium salt (BSPP, Sigma-Aldrich) were added to
200 ml of AuNP solution (6 nm Gold Sol, Aurion) and the mixture was gently
shaken for 12-16 h at room temperature. The solution was transferred to 50-ml
centrifuge tubes and the gold was precipitated by adding solid NaCl to a final
concentration of 1 M. After vortexing, the color of mixture changed from red
to a cloudy purple and the precipitated gold was collected by centrifugation at
3,500 r.p.m. for 15 min and removal of the supernatant. The pellets were resus-
pended in BSPP buffer (1 mg/ml BSPP in deionized water) to a final particle
concentration of about 3-4 UM and 1.2 equiv. of disulfide-modified siRNA-3
was added based on the maximal loading capacity calculated according to the
following equation (Supplementary Methods):

mol conjugated oligonucleotide = 4mr? x C(Au) x 35pmol/cm2 xV

where r is the radius of the nanoparticles, C(Au) is the concentration of AuNPs
determined spectrophotometrically at 520 nm using an extinction coefficient
€(520) of 1 x 107 M~!ecm™!, and V is the volume of the nanoparticle solution
(in liters).

After gently shaking the mixture with for about 24 h at room tempera-
ture, the crude Au-siRNA conjugates were purified by reversed phase HPLC
on a DeltaPak C;g column (7.8 x 250 mm) using 0.05 M triethylammonium
acetate buffer, pH 7 (A) and acetonitrile (B) and a gradient of 0-40% B in
35 min. Product-containing fractions were combined, reduced to a volume
of about 10 ml and desalted on a Sephadex G-25 column. After reducing
the volume to about 3-5 ml, the final concentration of Au nanoparticles was
determined as described above. The siRNA concentration was determined
spectrophotometrically by measuring the absorbance at 260 nm after treating
an aliquot of the Au-siRNA conjugate solution with an equal volume of 30 mM
KCN solution in water at 45 °C for 1.5 h. A sample containing equally con-
centrated unconjugated AuNP treated identically with KCN solution served
for baseline adjustment. Typically, the siRNA/Au ratio ranged between 10-20
siRNAs per particle.

Modified and unmodified siRNA were incorporated in lipid nanoparticles
as published previously®. Nanoparticles were prepared with the ionizable lipid,
disteroylphosphatidyl choline, cholesterol, and PEG-DMG using a spontane-
ous vesicle formation formulation procedure. Lipids were dissolved in 90%
ethanol solution and mixed with siRNA solution (10 mM citrate, pH 3) at
fixed speed; 1:3 with labeled Alexa Fluor siRNA and 1:5 ratio for AuNPs-
siRNA. The ethanol was then removed and the external buffer replaced with
PBS (155 mM NaCl, 3 mM Na,HPO4, 1 mM KH,PO,, pH 7.5) by dialysis.
The particles had a component molar ratio of ~50:10:38.5:1.5 (ionizable
lipid/disteroylphosphatidyl choline/cholesterol/PEG-DMG). The final lipid/
siRNA weight ratio was ~10:1. Particle size were determined using a Malvern
Zetasizer NanoZS (Malvern, UK), AuNPs-siRNA were sized before formulation
(~20 nm) and after formulation in LNP (100-130 nm). For AuNPs-siRNA LNP
content was determined spectrophotometrically by measuring the absorbance
at 520 nm after treating an aliquot of the LNP solution with an equal volume
of Triton-X100 solution (2% in water), vortexing and incubating at 37 °C for
10 min. For labeled Alexa Fluor-siRNA, LNP siRNA content was determined
by ion exchange HPLC (Agilent) assay using DNAPac Pa200 column (Dionex
Corporation Dionex, 260 nm, 55 °C run at 2 ml/min).

LNP characterization. LNP shape and size distributions were analyzed by
EM. LNP solutions were added on the surface of carbon-coated grids for
5 min. The grids were rinsed quickly and incubated for 30 s with 2% uranyl
acetate in water. Images were acquired at 11,000x magnification on a Tecnai
12 TEM microscope (FEI) (electron microscopy facility, MPI-CBG, Dresden).
By using MotionTracking software, individual LNPs were identified by fitting
analysis. Indeed, the image intensity was fitted by a sum of powered Lorenzian
functions, as previously described33. Objects displaying unreliable features,
such as low intensity and excessive elongation, were filtered out by a set of
manually adjusted filters, chosen to maximize the number of true liposome
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structures considered for the following analysis, and at the same time minimize
the number of false liposome structures. At least 4,000 LNPs per condition
were counted. The size distribution was then fitted to a Gaussian distribu-
tion, to estimated mean value and dispersion of liposome size. Moreover,
for each individual structure detected, multiparametrics coefficients were
calculated to describe the shape of these LNPs (e.g., size, intensity, intensity
volume, elongation).

To determine the amount of ApoE loaded on LNPs, we incubated
LNP-siRNA-alexa647 with ApoE-FITC (3 pg/ml) for 1 h at room temperature,
before gelatin embedding and confocal imaging.

Gold-labeled siRNA were detected easily by EM on sample stained by nega-
tive staining. LNPs formulated with alexa-647 labeled siRNA were entrapped
in 12% gelatin between glass slide and cover slip and imaged on a spinning disc
fluorescent microscope (light microscopy facility, MPI-CBG, Dresden).

Cell culture, cell lines and transfections. HeLa Kyoto, GFP-HeLa cells!® and
GFP-NIH3T3 were cultured in DMEM media complemented with 10% FBS
and 1% penicillin-streptomycin at 37 °C and 5% CO,. When required cells
were seeded on 24- (for EM analysis) or 96- (for fluorescence microscopy
analysis) well plates. Hepatocytes, from wild-type and GFP-expressing mice,
were purified and cultured as described in Supplementary Methods. For
transfection, LNP solution was mixed with ApoE (3 ug/ml) in DMEM con-
taining serum and added on the cells. Primary human fibroblasts (GM00041),
obtained from Coriell Institute, were cultured and transfected with
YFP-Ranbankyrin-5 (Lipofectamin) or infected with Rab5-GFP as described
in supplementary METHODS. H-RasG12V fibroblasts were cultured and
used for dextran uptake as previously described?*. HeLa-GFP-Rab5 and
HeLa-GFP-LAMP1 bacterial artificial chromosome (BAC) cell lines were
cultured in DMEM media complemented with 10% FBS, 1% penicillin-
streptomycin and G418 (200 mg/L) at 37 °C and 5% CO,.

For determining the uptake mechanism(s), we first transfected HeLa Kyoto
cells with siRNA directed against CLTC (four different siRNAs), LDL receptor
(LDLR, three different siRNAs), LDL related receptor (LRP1, three differ-
ent siRNAs), Scavenger receptor (SRB1, three different siRNAs), Caveolinl
(CAV1, four different siRNAs), Racl (four different siRNAs), CTBP1 (four
different siRNAs), Rabankyrin-5 (Rabnk-5, four different siRNAs) from
Invitrogen or against CDC42 (three different siRNAs) from Ambion follow-
ing protocol described in supplementary METHODS. Then, 72 h after the
transfection, the cells were exposed to LNP-siRNA-alexa647 complemented
with ApoE (see above) for 6 h, fixed with 4% PFA and imaged with automated
microscope (see below). In order to exclude possible alteration of LNP uptake
due to transfection pretreatment, we used both untreated cells and MOCK
cells as control.

GFP silencing. HeLa GFP cells, GFP-Hepatocytes, Rab5-GFP human pri-
mary fibroblasts and GFP-NIH3T3 were transfected with LNPs formulation
or naked siRNA-gold. After 72 h, the cells were fixed with PFA 4% (pH 7.2
in phosphate buffer) for 20 min at room temperature. After washing, cells
nuclei were labeled with DAPI. Acquisition and analysis of images (at least 25
fields per condition) were done on an ArrayscanVTI with TwisterII automated
widefield microscope (TDS, MPI-CBG, Dresden).

To relate LNP uptake to GFP silencing, we analyzed GFP downregulation
after LNP uptake for different time points (1, 2, 3, 4, 5 and 6 h) followed by
72 h. GFP silencing was determined as above.

Immunofluorescence and uptake assay. For in vitro immunofluorescence
analysis, cells were fixed in 4% paraformaldehyde at room temperature for
30 min, followed by two washes with PBS for 10 min. Subsequently, cells
were incubated for 30 min in permeabilization solution (PBS; 0.5% Saponin),
blocked in saturation solution (PBS; 3% BSA; 0.5% Saponin). Cells were then
incubated 2 h at room temperature with primary antibodies in saturation
solution, intensively washed 5 times for 5 min with the saturation solution.
Finally, secondary antibodies, complemented with DAPI and Sytoblue (stain-
ing of nuclei and cytoplasm), were applied for 1 h at room temperature. After
intensive washing, cells were kept in storage solution (PBS; 0.02% sodium
azide). Images (at least 20 fields per conditions) were acquired on an Opera
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automated confocal microscope (TDS, MPI-CBG, Dresden) and analyzed
using the MotionTracking software.

For in vivo immunofluorescence analysis, 4% PFA-perfused mice livers were
embedded in OCT and 7-um cryostats sections were cut. Sections were col-
lected on super frost-treated glass slides and incubated at room temperature
5 min with glycine (0.1%) for aldehyde quenching, 10 min in PBS Tween20
(0.1%) for permeabilization, 2 h and 1 h, respectively, with first and second-
ary antibodies in saturation solution (PBS; 3% BSA). Then, sections were
mounted with Mowiol and coverslip designed for high-resolution observa-
tion. Images (at least 15 fields per condition) were acquired on an Olympus
Fluoview 1000 laser scanning confocal microscope (light microscopy facil-
ity, MPI-CBG, Dresden) equipped with an Olympus UPlanSApo 60x 1.35 oil
immersion objective at a resolution of ~100 wm/pixel. Images were analyzed
on MotionTracking.

Electron microscopy. Morphological experiments were analyzed in a
blind fashion using a code that was not broken until the quantification was
completed.

For EM analysis on HeLa cells, cells were transfected with LNP-siRNA-gold
or free siRNA-gold and fixed with 2.5% glutaraldehyde (in phosphate buffer)
overnight. Then, cells were post-fixed in ferrocyanide-reduced osmium.
Cells were dehydrated in increasing bath of ethanol for 10 min, infiltrates
with mixture of ethanol and Epon (3:1 and 1:3) and pure Epon for 1 h. After
Epon polymerization overnight at 60 °C, the 24-well plates were broken and
pieces of Epon were glued on Epon sticks. 70- to 50-nm sections were then
cut and stained with uranyl acetate and lead citrate following classical pro-
cedure. Super-montaging of 100 images were randomly collected at 11,000
magnification on a Tecnai 12 TEM microscope (FEI) (electron microscopy
facility, mpi-cbg, Dresden) and the images stitching was achieved using
the open access software Blendmont (Boulder Laboratory, University of
Colorado, USA).

For EM analysis of mice tissue, after injection of the formulation in the tail
vein, mice were euthanized and livers were collected. Systematic uniform ran-
dom sampling was obtained from different areas of the liver (Supplementary
Methods). For each liver, five samples were collected and processed as pre-
viously described!! (Supplementary Methods). Five montaging of 100 images
per sample were randomly collected at 11,000x magnification on a Tecnai 12
TEM microscope (FEI) (electron microscopy facility, mpi-cbg, Dresden) and
the images stitching was achieved using the open access software Blendmont
(Boulder Laboratory, University of Colorado, USA).

Identification of organelles was based on morphological recognition as
done previously!! and is described in Supplementary Methods. Early endo-
cytic compartment, late endocytic compartment, lysosome and mitochondria
(used as control) containing gold were quantified in each montage. Because
LNPs and intraluminal vesicles have a similar size and early endosomes and
macropinosome are indistinguishable based on morphology, we did not dis-
criminate between these compartments. Moreover, to quantify the total uptake,
the ratio of structures labeled versus those unlabeled in a reliable manner
and the number of gold found per um?3, we applied a stereological approach
(Supplementary Methods).

To quantify the ratio of siRNA escape from endosome, we developed a plug-
in that automatically counts the total number of gold per montage. Images
were processed to identify each gold particles (Supplementary Methods).
Then, for a set of images, the particles were automatically counted and manu-
ally counted and we determined an error rate (<1%) confirming that our pro-
cedure succeeded in correctly identifying gold particles. Finally, we apply our
procedure to determine the total number of gold particles in the images. Then,
we manually count the number of gold particles within the cytoplasm based
on morphological recognition.

Quantitative multiparametric image analysis. Quantitative multiparametric
image analysis (QMPIA) was done in two sequential rounds of calculations. In
the first round, aiming at the identification of fluorescent vesicles, the image
intensity was fitted by a sum of powered Lorenzian functions®3. The coeffi-
cients of those functions were then used to describe the features of individual
objects (e.g., intracellular position relative to the nucleus, size, intensity, total
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vesicular intensity). Additionally, nuclei and cells were identified by a pipeline
involving several operations from morphological image analysis. Briefly, nuclei
were found by a maximum entropy-based local thresholding and cells by a
region-growing algorithm based on the watershed transform. In the second
round, a set of statistics was extracted from the distributions of the endosome
parameters measured in the first round. Statistical filters based on the mean
intensity of the fitted object were then applied to remove the background and
the unspecific staining (using control image with secondary antibody alone).
This set of values, that quantitatively describes the fluorescence information of
every channel in the image, has been used for comparing the different condi-
tions as previously described!!.

Co-localization analysis was done by assessing the percentage of overlap-
ping objects. Object “A” in channel “1” is considered to co-localize to object “B”
in channel “2” if the integral intensity profile of A overlaps to the one of B more
than a user-defined percentage threshold, here set to 40%. Co-localization was
calculated both by number (percentage of LNP vesicles that are positive for
LAMP) and by intensity volume (percentage of LNP in the LAMP-positive
compartment). The described approach is more powerful than classical corre-
lation and pixel co-occurrence analyses, because it allows us to (i) discriminate
between background and foreground (object) fluorescence and (ii) interpret
the results in terms of percentage of structures that are localized to objects in
another channel of interest.

Western blot analysis. HeLa Kyoto cells seeded in 24-well plates, transfected
for 0, 2, 4 and 6 h with unlabeled siRNA formulated LNPs, were lysates in
100 pl of lysis buffer (Meso scale Discovery lysis buffer containing CLAAP
(1:1,000)). Protein concentrations were determined using DC Protein Assay
(Bio-Rad Laboratories). Then, 20 and 12.5 ug of total proteins were run on SDS-
polyacrylamide gel electrophoresis gels and blotted onto nitrocellulose mem-
branes (XCell, Invitrogen). After antibody incubation the protein bands were
detected using the Enhanced ChemiLuminescence solution reaction. Image] was
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used for quantification of blot intensities by measuring individual band inten-
sities as described in the method outlined at http://lukemiller.org/index.
php/2010/11/analyzing-gels-and-western-blots-with-image-j/. Briefly, for each
band the intensity distribution was plotted. The basal background calculated
from the mean of several areas surrounding the band was subtracted from the
distribution and the area of the peak was calculated. The percent of surface area
represented by each peak of one experiment was generated. The ratio of the sam-
ple percent versus the loading control percent was calculated to obtain a relative
intensity. Finally, the relative intensity was normalized to the control set at 1.

Time-lapse fluorescence microscopy. HeLa GFP cells and BAC cell line HeLa-
GFP-Rab5 and HeLa-GFP-LAMP1 were seeded on Ibidi cell-treated ‘W-slide
8-well’ chambered coverslips and transfected with 20 nM alexa-647-siRNA
formulated LNPs for 1.5, 2 and 4 h. Then, time-lapse fluorescent microscopy
was acquired on a spinning disc fluorescent microscope (light microscopy
facility, MPI-CBG, Dresden). For each time points 3 z-stacks (0.8-um inter-
val) were acquired every 5 s. Images were analyzed with MotionTracking after
z-projection of the 3 z-stacks and identification of individual endosome by
using single-particle tracking.

Statistical analysis. Data were expressed as the mean + s.e.m. Statistical analysis
was determined using unequal sample sizes and equal variance Student ¢-test.
The two-tailed P values were added within the figure or the figure legends.
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