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ABSTRACT: Despite tremendous interest in gene therapies, the systemic
delivery of nucleic acids still faces substantial challenges. To successfully
administer nucleic acids, one approach is to encapsulate them in lipid
nanoparticles (LNPs). However, LNPs administered intravenously substan-
tially accumulate in the liver where they are taken up by the
reticuloendothelial system (RES). Here, we administer prior to the LNPs a .
liposome designed to transiently occupy liver cells, the Nanoprimer. This
study demonstrates that the pretreatment of mice with the Nanoprimer .
decreases the LNPs’ uptake by the RES. By accumulating rapidly in the liver
cells, the Nanoprimer improves the bioavailability of the LNPs encapsulating
human erythropoietin (hEPO) mRNA or factor VII (FVII) siRNA, leading
respectively to more hEPO production (by 32%) or FVII silencing (by 49%). 2 .
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The use of the Nanoprimer offers a new strategy to improve the systemic

delivery of RNA-based therapeutics.
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Myriad diseases stem from a lack, an excess, or an abnormal
production of a specific protein, itself triggered by the
underexpression, overexpression, or mis-expression of genes.
According to the World Health Organization, monogenic
diseases affect millions of people worldwide.'" A promising
approach to treat a monogenic disease is to deliver nucleic
acid-based therapeutics. Instead of targeting the gene products,
i.e,, proteins, these drugs modulate gene expression, leading to
therapeutic effects through the control of protein levels. The
clinical translation of this approach has been recently achieved
by the approval of the first liposomal small interfering RNA
(siRNA) therapy, Patisiran (Onpattro).”

Despite this clinical success, nucleic acid-based treatments
still face challenges, especially regarding their delivery. Rapid
clearance of nucleic acids due to nuclease activity and renal
filtration induces poor bioavailability following systemic
administration. Moreover, their physicochemical character-
istics, especially their charge, impede diffusion across cell
membranes. To overcome their degradation in vivo and
facilitate their uptake by target cells, they can be encapsulated
in polymeric or lipid nanoparticles as in the case of
Patisiran.”~” When designing a carrier, critical factors have to
be taken into account,” such as the nucleic acids’ encapsulation
efficiency, the stability of the carrier, its rate of clearance by the
reticuloendothelial system (RES), and the intracellular delivery
of the nucleic acid. Compositions of LNPs have evolved to
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address these limitations: their stability is improved by using
cholesterol and the rapid clearance is partly avoided by using
PEG. DOPE is used as a “helper” lipid, since it enables higher
transfection by promoting fusion with the endosomal
membrane once inside the cells, leading to improved
endosomal escape.” Finally, by complexing nucleic acids,
cationic lipids help their condensation and encapsulation.
However, since positively charged LNPs are toxic (hemolytic),
ionizable lipids, such as cKK-E12, that are positively charged at
low pH (during the encapsulation and inside the endosome)
and neutral at physiological pH (during administration and
circulation), have been developed to deliver nucleic acids
inside the cells’ cytoplasm.™' "

Even though these modifications in the design of LNPs have
improved the efficiency of nucleic acids’ delivery, low
bioavailability of LNPs remains one of the main limitations
for an effective systemic delivery of gene therapies. The RES, in
particular Kupffer cells (KC) and liver sinusoidal endothelial
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cells (LSEC) usually take up a significant part of LNPs
administered systemically.'”"? Avoiding this capture is a key
step in order to allow the LNPs to reach the target cells. Our
strategy relies on an approach that changes the way
nanomedicines are biodistributed. A Nanoprimer is adminis-
tered prior to the nanomedicines, here LNPs encapsulating
nucleic acids. The Nanoprimer is a liposome designed with
specific physicochemical properties to transiently occupy the
cells responsible for limiting the bioavailability of the LNPs.
Several strategies to improve the biodistribution of nano-
particles have been investigated by different groups. Examples
of such attempts include the saturation of scavenger receptors
with anionic compounds, such as polyinosinic acid or
PEGylated polylysine peptides,'*”'® and KC depletion.'>'”"*
The priming strategy described here differs in that the
Nanoprimer is engineered to prevent toxicity on KC and,
more generally, to limit sensitization of the immune system,
which can be triggered with PEG. Indeed, in this approach, the
mechanism of action is dependent largely on the phys-
icochemical properties of the Nanoprimer, which does not
contain or encapsulate any drug nor have any moieties
attached to its surface. With a comparable priming strategy, we
recently showed an increased efficacy of a nanomedicine-based
chemotherapy.'”~>' That work demonstrated, in a mouse
model, that the combination of the Nanoprimer with
irinotecan-loaded nanomedicine increases efficacy by 50%,
without any additional signs of toxicity. Here, the ability of a
similar approach to enhance the efficacy of nucleic acid-based
treatments is evaluated. To do so, the Nanoprimer’s character-
istics were modified (i.e., its hydrodynamic diameter was
increased) to enhance its ability to occupy specifically the KC
and LSEC. Indeed, to avoid interactions with other hepatic
functions, in particular with hepatocytes, the Nanoprimer was
optimized to be larger than the fenestrae of the liver capillaries.
This Nanoprimer’s hydrodynamic diameter is over 230 nm to
prevent it from passing through the Space of Disse, thus
hindering its ability to interact with hepatocytes. Indeed,
endothelial fenestrae measure 150—175 nm in diameter in
humans®” and about 280 nm in mice and rats.>* Therefore, in
mice, a non-null but very low interaction of the Nanoprimer
with hepatocytes is expected. To evaluate this optimized
Nanoprimer, it was used with LNPs encapsulating two
different types of nucleic acids: human erythropoietin
(hEPO) mRNA and Factor VII (FVII) siRNA.

First, the Nanoprimer’s properties and its effect on the
nanoparticles’ uptake by the liver were studied. The Nano-
primer and its fluorescent equivalent were synthesized and
characterized (Table S1). The in wvitro toxicity of the
Nanoprimer was assessed by incubating KC with increasing
concentrations of Nanoprimer (up to 30 mM in total lipid
concentration) followed by cell viability quantification at 4, 24,
and 48 hours. For all tested concentrations, after 4 hours,
limited signs of cytotoxicity were seen, with a viability above
89%. Cells incubated for 24 and 48 hours with a high
concentration of Nanoprimer showed a decline in cell viability
with an ICS0 of 3.2 mM at 48 hours (Figure S1). This IC50 of
3.2 mM found for the Nanoprimer corresponds to 250-fold the
in vivo situation.””*> At a dose corresponding to the in vivo
situation (0.013 mM), no cytotoxicity of the Nanoprimer was
observed.

Then, to confirm the Nanoprimer’s accumulation in the
liver, we injected a fluorescent Nanoprimer and followed its
biodistribution by in vivo imaging in mice. Results showed that
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10 min after IV injection, the Nanoprimer mostly accumulates
in the liver and the spleen (Figure 1A). To prove the innocuity
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Figure 1. Nanoprimer accumulates in the liver after intravenous
injection without inducing liver toxicity. (A) Images of a mouse
receiving a fluorescent Nanoprimer in the tail vein at 2 mL/kg (144
mg/kg). (B) Biochemical parameters’ analysis of BALB/cByJRj mice
24 hours after injection of 5 mL/kg of Nanoprimer or HEPES/NaClL
All concentrations are within the normal physiological range. Results
are shown as average # s.d. (n = S mice per group).

of the Nanoprimer on the liver, mice were injected with the
Nanoprimer at 5 mL/kg and major biochemical parameters
were analyzed 24 hours post treatment. AST, ALT, albumin,
and total proteins levels showed no changes when compared to
results for control mice receiving 5 mL/kg of HEPES/NaCl
(Figure 1B).

The effect of the Nanoprimer on nanoparticles’ uptake by
KC was quantified using fluorescent latex nanoparticles in vitro.
KC were first incubated with the Nanoprimer; then the
nanoparticles’ solution was added. Fluorescence microscopy
revealed that the efficacy of the Nanoprimer to occupy KC and
to prevent nanoparticles from being taken up is time
dependent (Figure 2A,B). In this experimental setup, a 30
min pretreatment with the Nanoprimer induced a 2-fold
decrease in KC’s internalization of nanoparticles. Pretreatment
for 4 hours caused a 6-fold decrease of mean fluorescence
intensity per cell compared to cells treated with nanoparticles
only.

To confirm that the Nanoprimer pretreatment similarly
decreases KC’s and LSECs’ endocytic activity in vivo and on
the basis of the in vivo observations (Figure 1A), the
Nanoprimer was injected 10 min before fluorescent latex
nanoparticles in mice. The flow cytometry analysis showed a
significant decrease of the nanoparticles’ accumulation in
LSECs and KC, in mice treated with the Nanoprimer (Figure
2C,D). The geometric mean of fluorescence intensity in
Nanoprimer-treated mice displayed a 14- and 6-fold decrease
in KC and LSEC, respectively. No significant difference in the
internalization by hepatocytes was observed with or without
the Nanoprimer. The discrepancy in the delay taken by the
Nanoprimer to be effective, from the 10 min required in vivo to
the 4 hours in vitro (Figure 2), could be explained by different
factors, such as the 2D conditions of cell culture vs the blood
flow convection,'” and the culture media composition affecting
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Figure 2. The Nanoprimer decreases the nanoparticles’ uptake in KC and LSEC in vitro and in vivo. (A, B) Immortalized rat KC were treated with a
solution of Nanoprimer (0.5 mg/mL). Fluorescent latex nanoparticles were subsequently incubated on cells for 2 hours. (A) Cells observed under
the microscope. (B) Nanoparticles’ fluorescence intensity quantification with Image]. (C—E) Mice treated either with the Nanoprimer 10 min
before the injection of fluorescent latex nanoparticles or with the fluorescent latex nanoparticles alone. The liver was harvested after 1 hour;
hepatocytes, KC (F4/80 microbeads), and LSEC (CD146 microbeads) were isolated and analyzed by flow cytometry. (C) Flow cytometry read.
Histograms are representative of three independent experiments. (D) Mean fluorescent intensity per cell. (E) Number of nanoparticle-positive
cells. Results shown are averages of three measurements =+ s.d., p-values are shown compared to the group without Nanoprimer. ns: not significant,

* p-value <0.05, ** p-value <0.01, *** p-value <0.001.

the Nanoprimer’s interaction with cells. The timing of the
injections of the Nanoprimer and the LNPs was chosen in
order to maximize its efficacy, while considering the practical
aspects of such a treatment. On the one hand, to be inserted
easily in the medical practice, the Nanoprimer needs to be
administered during the same treatment session as the
nanomedicine. Even with such short delay between the two
injections, a direct interaction between the Nanoprimer and
the LNPs is unlikely for two reasons. First, the Nanoprimer
accumulates in the liver within the first minutes after injection
(Figure 1); thus, most of the Nanoprimer is occupying KC
when the LNPs are injected. Second, both types of
nanoparticles have a negatively charged surface, and because
LNPs are PEGylated, they should not tend to aggregate or
fuse. On the other hand, the Nanoprimer must reduce LNPs’
uptake by the RES within minutes after injection to be relevant
for medical use.

Altogether, these data demonstrate that the pretreatment of
mice with the Nanoprimer specifically reduces KC’s and
LSECs’ clearance activity without impacting hepatocytes’
uptake capacity.
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Then, LNPs with different formulations, encapsulating
siRNA or mRNA, were synthesized, characterized (Table
S2), and tested in vitro (Figure S2). The formulation BS
yielded the best transfection or silencing efficacy in vitro for
siRNA and mRNA and was subsequently used for the rest of
the experiments.

The administration of LNPs encapsulating fluorescent
nucleic acids allowed the evaluation of the Nanoprimer’s
impact on their biodistribution. For both mRNA and siRNA, a
diminution of the fluorescence in the liver up to 43% was
measured ex vivo, 1 hour after the injection of the Nanoprimer
at S mL/kg (360 mg/kg) followed by the LNPs (Figure 3A,B,
Figure S3). This reduction in LNPs’ entrapment by the liver
was associated with an increase in the quantity of LNPs
measured in the serum 1 hour after injection, between 8- and
16-fold with S mL/kg of the Nanoprimer (Figure 3C,D).
Different doses of the Nanoprimer—3, 4, and S mL/kg (216,
288, and 360 mg/kg)—were tested in combination with the
administration of siRNA LNPs. A significant dose-effect was
observed, which corroborates the hypothesis that the Nano-
primer is responsible for the biodistribution improvement.
Liver occupancy by the Nanoprimer leads to an increased
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Figure 3. Change in the biodistribution and the bioavailability of the
LNPs with the Nanoprimer. (A, B) Fluorescence detected in the livers
ex vivo, after injection of (A) siRNA LNPs and (B) mRNA LNPs, 1
hour after the injection of the Nanoprimer followed by the injection
of LNPs encapsulating the CyS.S-labeled nucleic acids. (C, D)
Fluorescence detected in the blood, after injection of (C) siRNA
LNPs and (D) mRNA LNPs, 1 hour after the injection of the
Nanoprimer followed by the injection of LNPs encapsulating CyS.5-
labeled nucleic acids. All values are normalized by the fluorescent
intensity average without Nanoprimer. Data shown are the average of
the measurements + s.d. * p-value <0.0S5, ** p-value <0.01, *** p-
value <0.001.

blood bioavailability of LNPs that favors subsequent
accumulation in the target tissue.

One application of nucleic acid treatments is to use the
patient’s own cells to produce a secreted protein of interest
from administered mRNA. Here, the production of hEPO
secreted in the blood after the injection of LNPs encapsulating
hEPO mRNA, was significantly increased by 32% for primed
animals (Figure 4A). Another application of nucleic acids is to
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Figure 4. Increase in the efficiency of treatments using nucleic acids
to modulate secreted proteins expression. (A) hEPO measured in the
blood 24 hours after the injection of the Nanoprimer or PBS followed
by the injection of LNPs encapsulating hEPO mRNA. All values are
normalized by the average without Nanoprimer of the corresponding
experiment. (B) FVII measured activity in the blood (normalized by
the value without treatment) 48 hours after the injection of the
Nanoprimer followed by the injection of LNPs encapsulating anti-
FVII or scrambled siRNA. Data shown are the average of the
measurements + s.d., ** p-value <0.01, *** p-value <0.001.
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shut down the expression of an overexpressed or mis-expressed
gene, with a siRNA for instance. Here, the expression of FVII
secreted in the blood after the injection of LNPs encapsulating
FVII-specific siRNA was significantly decreased by 49% for
primed animals (Figure 4B). The quantity of LNPs available in
the blood 1 hour after the injection of S mL/kg (360 mg/kg)
of Nanoprimer, was about 8-fold higher for siRNA
encapsulating LNPs, while the shutdown efficiency was
improved by 49%. For the LNPs encapsulating mRNA, the
availability in the blood 1 hour after injection of 5 mL/kg (360
mg/kg) of Nanoprimer was about 16-fold higher, while the
protein production was increased by 32%. This discrepancy
between the increased circulation and the increase in protein
expression (or respectively silencing) can be explained by the
fact that even if LNPs circulate longer in the blood, the
internalization by targeted cells and the transfection (or
respectively silencing) are not 100% effective.

To investigate the localization of the Nanoprimer within KC
and better understand its mechanism of action, confocal
microscopy experiments were performed. Those experiments
showed that the Nanoprimer was internalized by KC within
the endolysosomal organelles (Figure S4). Further work will
focus on explaining whether the LNPs’ uptake inhibition by
the Nanoprimer is due to receptor saturation or to a limited
endocytosis capacity of the KC. A hypothesis is that carboxylic
groups on the surface of the Nanoprimer interact with
scavenger receptors, which are able to recognize COOH-
nanoparticles that mimic phosphatidylserine on the surface of
apoptotic cells.'">***” The Nanoprimer’s interaction with
scavenger receptors may lead to their saturation, preventing
the internalization of the therapeutic agents injected afterward.
Another possibility is that the Nanoprimer’s accumulation in
cellular organelles saturates the endocytic pathway, transiently
decreasing the internalization ability of cells.

Different liver cell types, mainly LSEC, KC, and hepatocytes,
can be transfected by LNPs and could be responsible for the
enhanced production of hEPO. Blocking the liver’s RES may
impede the production of hEPO by the cells of the RES.
However, it is unlikely that the KC plays an important role in
the production of hEPO. Indeed, when incubated in vitro in
the same conditions, with LNPs encapsulating mRNA coding
for mCherry, only 6% of macrophages, compared to 75% of
hepatocytes, express mCherry (Figure SS5). In addition, instead
of entering the KC by endocytosis, the LNPs are phagocytosed
and cannot deliver as efficiently the encapsulated RNA in the
cytoplasm. Thus, blocking the RES in the liver enables an
increase in the production of hEPO likely because LNPs are
more easily taken up by hepatocytes. Furthermore, the data
presented here show that the Nanoprimer dramatically
decreases the LNPs’ internalization by LSEC and KC, by
84% and 40%, respectively (Figure 2E). Since FVII is a
secreted protein produced exclusively by hepatocytes,” the
increased internalization of LNPs in hepatocytes after injection
of the Nanoprimer is responsible for the silencing of FVIL
Because the composition of LNPs encapsulating mRNA and
siRNA is similar, LNPs encapsulating hEPO mRNA are likely
to be internalized in hepatocytes as well.

The choice of composition of LNPs was based on previously
published observations’ as well as on in vitro experiments
(Figure S2). This formulation contains a PEG-lipid, mostly to
avoid recognition by the RES. However, PEG can trigger an
immune reaction known as the complement activation-related
pseudoallergy,”® which can lead to life threatening situations.

https://dx.doi.org/10.1021/acs.nanolett.0c00752
Nano Lett. 2020, 20, 4264—4269


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00752/suppl_file/nl0c00752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00752/suppl_file/nl0c00752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00752/suppl_file/nl0c00752_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00752?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00752?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Furthermore, at the second administration, an accelerated
blood clearance phenomenon can occur,” which results in
total rapid clearance of the pegylated object. Besides immune
reactions, PEG has been shown to decrease transfection
efficiency.” Further work on the design of the LNPs could
improve their uptake by the target cells. For example, the PEG
amount in the formulation could be decreased, since the
Nanoprimer occupies the RES transiently, or the LNPs surface
could be functionalized with targeting agents.

The mRNA or siRNA treatments, combined or not with the
Nanoprimer, were injected up to three times, at 4 days interval,
and were well tolerated in vivo: the measured weight loss was
below 5% at every time point with no clinical signs of suffering
(Figure S6). Furthermore, when the Nanoprimer was injected
alone, no change in the concentration of the major biochemical
parameters were noticed (Figure 1B), which is promising
regarding its systemic toxicity.

To conclude, this work shows that the priming strategy
improves the efficacy of nucleic acid-based treatments by
avoiding the clearance of LNPs by occupying safely and only
transiently the RES. Furthermore, along with g)revious results
obtained on chemotherapy nanomedicines,”” these experi-
ments demonstrate the generalizability of this approach as the
Nanoprimer can improve treatment outcomes of different
therapeutics, extending from oncology to monogenic diseases.
The separation of the functions ensuring the efficacy of a
treatment into two distinct objects offers new prospects for
designing novel therapeutic agents and shifting the therapeutic
paradigm. Indeed, the effect of the Nanoprimer allows us to
focus on other LNP functions (for example, cellular uptake by
decreasing the amount of PEG-lipid or using an active
targeting) that will decrease the compromise between the
required functions for an efficient delivery of nucleic acid-
based treatments.
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