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ABSTRACT: To predict whether preclinical lipid nanoparticle
(LNP) delivery will translate in humans, it is necessary to
understand whether the mechanism used by LNPs to enter cells is
conserved across species. In mice, non-human primates, and
humans, LNPs deliver RNA to hepatocytes by adsorbing
apolipoprotein E (ApoE), which binds low-density lipoprotein
receptor (LDLR). A growing number of LNPs can deliver RNA to
nonhepatocytes, suggesting that ApoE- and LDLR-independent
interactions could affect LNP tropism. To evaluate this hypothesis,
we developed a universal DNA barcoding system that quantifies
how chemically distinct LNPs deliver small interfering RNA in any
mouse model, including genetic knockouts. We quantified how 98
different LNPs targeted 11 cell types in wildtype, LDLR−/−, very
low-density lipoprotein receptor, and ApoE−/− mice, studying how these genes, which traffic endogenous lipids, affected LNP
delivery. These data identified a novel, stereopure LNP that targets Kupffer cells, endothelial cells, and hepatocytes in an ApoE-
independent manner. These results suggest that non-ApoE interactions can affect the tropism of LNP-RNA drugs.
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■ INTRODUCTION

In 2018, the Food and Drug Administration (FDA) approved
patisiran, a lipid nanoparticle (LNP) that delivers small
interfering RNA (siRNA) targeting transthyretin to hepato-
cytes.1 More recently, LNPs carrying mRNA encoding Cas9
and single-guide RNA (sgRNA) led to hepatocyte gene editing
in nonhuman primates (NHPs)2,3 and humans.4 These LNPs
enter hepatocytes by adsorbing serum apolipoprotein E
(ApoE), which leads to subsequent low-density lipoprotein
receptor (LDLR)-mediated uptake.5 In a second example, the
FDA and European Medicines Agency approved6−8 siRNA
conjugated to N-acetylgalactosamine (GalNAc), which enters
hepatocytes by binding the asialoglycoprotein receptor
(ASGPR).9 Both ApoE/LDLR and GalNAc/ASGPR are
conserved in mice, rats, NHPs, and humans, underscoring
the value of understanding mechanisms that influence in vivo
delivery.
After surveying the literature, we found ApoE-independent

LNP delivery to be rarely reported in vivo with two exceptions.
In the first, an ionizable LNP based on Dlin-KC2-DMA was
found to be ApoE-dependent, whereas LNPs containing the
cationic lipid 98N12 were ApoE-independent.

10 In the second,
LNPs formulated with the ionizable lipid DLin-MC3-DMA
were shown to deliver mRNA to the eye in ApoE−/− mice after
subretinal injection.11 However, three key lines of evidence

suggest that ApoE-independent LNP trafficking may be more
common than currently thought. First, endogenous lipids are
trafficked to many nonhepatocyte cell types. Second, lipid
trafficking involves many genes, not just ApoE.12,13 Third, an
increasing number of LNPs administered intravenously have
delivered RNA to nonhepatocytes without the use of active
targeting ligands such as antibodies or aptamers,14−18

suggesting that LNPs may interact with serum components
that leverage different receptors to enter cells.19

■ RESULTS
Identifying an LNP with ApoE-independent in vivo tropism has
been difficult in part because rigorous studies are difficult to
execute. Specifically, an ideal “biology of delivery” study would
be characterized by four key traits (Figure 1A). First, it would
be performed with many nanoparticles to ensure the results are
robust across chemical structures. Second, the study would
evaluate how several genes on the same pathway influence
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delivery. Third, given that many of these genes are likely
involved in endocytosis20 and that endosomal escape can be
inefficient,21 the study would quantify how the siRNA is
functionally delivered (i.e., siRNA-mediated target protein
reduction) rather than measuring nanoparticle biodistribution
(i.e., only where the nanoparticle went). Fourth, the assays

would be performed directly in vivo, since delivery in cell
culture can be a poor predictor of nanoparticle delivery in
vivo.22 However, a study with these four traits would normally
require several hundred genetically engineered animals, which
is expensive and unethical. To enable these studies, here we
designed, characterized, and validated a system that quantifies

Figure 1. LAMP1 meets the criteria for an siRNA-based screening system. (A) Four criteria (i−iv) exist for an ideal siRNA screening system. (B)
LAMP1 protein is ubiquitously expressed across many tissues. LAMP1 surface expression levels are stable across multiple mice for cell types in (C)
the liver, (D) the lung, and (E) the spleen. (F) LAMP1 cell surface expression must be stable over time to qualify as a candidate protein. (G)
LAMP1 cell surface expression is stable over 8 h in liver hepatocytes, endothelial cells, and immune cells in vivo. Sequences siLAMP1b and
siLAMP1c led to potent silencing in vitro when delivered using (H) PEI and (I) LNP-1. For Figure 1G, statistical analyses were conducted using
linear regression and testing for the significance of the slope parameter being different from zero. For Figure 1H, I, statistical analyses were
conducted using a two-factor ANOVA between LAMP1 expression after siLAMP1b or siLAMP1c administration at each time point with Šidaḱ’s
multiple comparison test at every time point. ns (p > 0.05, not shown), * (p < 0.05).
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how dozens of different LNPs functionally deliver siRNA to
any combination of cell types, in any desired mouse model,
including genetic knockouts. We then used the system to
evaluate how a systematic panel of 98 LNPs delivered siRNA
in wildtype C57BL/6J (WT), ApoE−/−, LDLR−/−, and very
low-density lipoprotein receptor (VLDLR−/−) knockout mice.
We chose ApoE−/− and LDLR−/− for their role in endocytosis
of the clinically approved nanoparticle Onpattro.10 We also
chose VLDLR−/− for two reasons: (i) naturally occurring
VLDL has a similar size to LNPs,23 and (ii) novel ionizable
lipids might not depend on ApoE and LDLR for entry. Using
this system, we identified two LNPs, named LNP-54 and LNP-
94, which deliver siRNA to liver Kupffer cells, lung endothelial
cells and, in the case of LNP-54, liver endothelial cells, in an
ApoE-independent manner. More broadly, these results
suggest that universal DNA barcoding can identify how

specific genes do or do not influence LNP delivery to target
cells.
We reasoned that this siRNA barcoding system would

require a gene that was expressed ubiquitously across cell
types. Furthermore, the gene would encode a protein with cell
surface expression, thereby enabling measurements of siRNA-
mediated silencing with cellular resolution using flow
cytometry, rather than tissue-level readouts. Finally, silencing
an ideal target gene would not lead to dysregulated growth or
immune clearance, as both of these would underreport
delivery. To identify a gene with these properties, we surveyed
the Human Protein Atlas24 and selected the lysosomal-
associated membrane protein 1 (LAMP1) for further
investigation. LAMP1 is a component of lysosomal mem-
branes, where it maintains endocytic compartments and
participates in autophagy.25 Importantly, LAMP1 silencing
does not affect animal physiology: Lamp1 knockouts are viable

Figure 2. Lipid nanoparticles can be screened in knockout mice using siRNA against LAMP1. (A) The novel siLAMP1 system can be applied to
identify LNPs that are knockout-independent by administering LNPs to wildtype and knockout mice. (B) LNPs are formulated to carry siLAMP1
and a DNA barcode; cells with lower LAMP1 expression are sorted and sequenced to identify winning LNPs. We observed statistically significant
LAMP1 protein silencing in every mouse strain in (C) liver endothelial cells, (D) lung endothelial cells, and (E) liver Kupffer cells. (F) Heatmap
showing the normalized barcode delivery of each LNP for every cell type, tissue, and mouse strain sequenced. Naked barcodes are represented by
“*” and delivery profiles of LNP-54 and LNP-94 are highlighted. Statistical analyses were conducted using a two-factor ANOVA between PBS
control and mice receiving siLAMP1 with Šidaḱ’s multiple comparison test at every mouse model. * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
**** (p < 0.0001). VK, liver Kupffer cells; VE, liver endothelial cells; LE, lung endothelial cells.
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and fertile; they possess unaffected lysosomal properties; and
Lamp1 deficiency is counterbalanced by Lamp2 upregula-
tion.25,26

Since LAMP1 has been detected on the plasma
membrane,27−29 we hypothesized that we could quantify
LAMP1 protein, and thus siRNA-mediated silencing, after
LNP delivery of siLAMP1 using flow cytometry. We therefore
analyzed LAMP1 mean fluorescence intensity (MFI) on 11 cell
types isolated from the liver, lung, and spleen (Figure 1B). We
sacrificed C57BL/6J mice, digested tissues into single-cell
suspensions, and found that LAMP1 was expressed on all
tested cell types (Figure 1C−E). Specifically, we detected
consistent LAMP1 MFI on liver hepatocytes (H), lung and
liver endothelial cells (E), liver Kupffer cells (K), lung and
spleen macrophages (M), spleen B cells (B), T cells (T),
dendritic cells (D), and other immune cells in liver and lung
(O). To evaluate whether Lamp1 expression varied with the
genetic background, we repeated the experiment with Balb/c
(Figure S1A−C) and 129 S1 mice (Figure S1D−F) and found
LAMP1 on all tested cells. Since plasma membrane LAMP1
can be internalized and shuttled to lysosomes for degrada-
tion,29 we reasoned that LAMP1 signal could decrease over
time after it was bound by an antibody, thereby overreporting
siRNA-mediated LAMP1 silencing in samples analyzed later in
a long experiment, compared to samples analyzed earlier
(Figure 1F). We therefore isolated cells from C57BL/6J mice,
stained them with anti-LAMP1 antibody, and stored them at 4
°C (Figure 1G) or on ice for 8 h (Figure S1G); LAMP1 MFI
did not change significantly.
We then evaluated four siRNAs targeting Lamp1 mRNA,

which we named siLAMP1a−siLAMP1d (Figure S1H). All
four sequences were chemically modified for in vivo studies by
adding 2′-O-methyl and phosphorothioate bonds.30 We
compared the potency of siLAMP1a-d in vitro using two
delivery systems: poly(ethylenimine) (PEI) (Figure 1H, Figure
S1I) or a validated lung-targeting LNP,17 which we named
LNP-1 (Figure 1I, Figure S1J,K). After finding that siLAMP1b
and siLAMP1c were the most potent in vitro (Figure 1H,I), we
formulated LNP-1 with siLAMP1b or siLAMP1c and intra-
venously injected it into WT mice at a dose of 1.5 mg/kg
(Figure S1L−O). Three days later, we observed 55% silencing
in hepatocytes (Figure S1M), 51% silencing in liver endothelial
cells (Figure S1N), and 32% silencing in lung endothelial cells
(Figure S1O) in mice treated with siLAMP1b, compared to
mice treated with PBS. We did not observe LAMP1 silencing
in mice injected with a control siRNA targeting luciferase
(siLuc). Mice treated with siLAMP1b or siLAMP1c did not
lose weight compared to mice treated with 1X PBS or mice
treated with LNP-1 containing siLuc (Figure S1L). We
selected siLAMP1b for subsequent studies and renamed it
siLAMP1 for simplicity.
We then used this siLAMP1 to perform a high-throughput in

vivo screen of novel, stereopure LNPs in WT, ApoE−/−,
LDLR−/−, and VLDLR−/− mice with the goal of identifying
LNPs that targeted hepatic and nonhepatic cells via ApoE-
independent mechanisms (Figure 2A). We used stereopure
compounds to avoid batch-to-batch variability issues that arise
due to the chiral centers of an ionizable lipid. We first
synthesized the stereopure lipids by reacting low molecular
weight poly(ethylenimine) (PEI600) to chiral epoxides using an
epoxide ring-opening reaction (Figure S2A,B) and charac-
terized them using 1H NMR (Figure S2C−J). Using these
stereopure lipids, we created a systematic panel of 128

chemically distinct DNA-barcoded LNPs via microfluidics.31

Specifically, LNP-1 was formulated to carry siLAMP1 and
DNA barcode 1, whereas LNP-N was formulated to carry
siLAMP1 and DNA barcode N (Figure 2B, Figure S3A). By
using DNA barcodes that were rationally designed to be highly
sensitive readouts of in vivo delivery (Figure S3B),32 we were
able to use a 10:1 mass ratio of siRNA:DNA barcode. We
focused on LNPs with three constituents: an ionizable lipid
polymer, a PEG-lipid, and cholesterol, a composition that has
potently delivered siRNA to endothelial cells on multiple
tissues.15 These components are similar to those used in
clinical LNPs made by Alnylam,1 Moderna,33 and Acuitas/
BioNTech/Pfizer.34 Specifically, we diversified the structure of
the ionizable lipid with the eight novel, stereopure 7C1-
based15 lipid-polymers that we synthesized (Figure S2A,B,
Figure S3C). Since previous studies have shown that PEG-lipid
content and structure influence LNP pharmacokinetics and
delivery,35 we diversified the library by using four PEG-lipids
(Figure S3D). Finally, to ensure our results were not specific to
one molar ratio, we formulated the LNPs using four different
molar ratios (Figure S3E). Thus, each of the eight stereopure
lipids was formulated 16 different ways (four PEG-lipids and
four molar ratios).
After formulating the 128 LNPs, we measured the

hydrodynamic diameter of each formulation with dynamic
light scattering (DLS), then pooled the 98 LNPs with
monodisperse DLS spectra and diameters between 30 and
150 nm; the remaining 30 LNPs were discarded. As a control,
we measured the diameter of the pool and found it to be
within the range of the individual LNPs in the pool, suggesting
that the LNPs were stable after mixing (Figure S3F). As a
second control, we included two unencapsulated DNA
barcodes. Since DNA barcodes do not readily enter cells
without a delivery vehicle, the unencapsulated DNA should be
delivered less efficiently than barcodes within LNPs. We then
analyzed whether LNP chemistry affected formulation success
(Figure S3G), hydrodynamic diameter (Figure S3H), and the
polydispersity index (Figure S3I) of the LNPs. We defined
formulation success as LNPs having monodisperse diameter
distributions with diameters between 30 and 150 nm (Figure
S3J). Even though we did not find any trends that dictated
whether individual LNPs would formulate, these data led us to
conclude that stereopure lipids can be used to formulate stable
LNPs.
We then intravenously injected the LNPs at a total nucleic

acid dose of 1.5 mg/kg (i.e., 0.015 mg/kg for each of the 98
LNPs, on average). Seventy-two hours later, we isolated the
lung, liver, and spleen and quantified LAMP1 MFI. Compared
to control mice treated with 1X PBS, we observed a 53%, 55%,
and 61% reduction in LAMP1 in liver endothelial cells (Figure
2C), lung endothelial cells (Figure 2D), and liver Kupffer cells
(Figure 2E) in WT mice, respectively. We observed less
LAMP1 silencing in eight other cell types (Figure S4),
including hepatocytes. We then evaluated the effect of LDLR,
VLDLR, and ApoE absence on delivery by measuring LAMP1
silencing in knockout mice. Contrasting the behavior of ApoE-
dependent LNPs, which deliver less drug in ApoE−/− mice
than in WT mice,10 we found that LAMP1 silencing, barring
some small differences, was similar in all three knockout mice
as well as WT mice (Figure 2C−E, Figure S4A−C). Notably,
we found differences in hepatocyte LAMP1 silencing to be
negligible across mouse strains (Figure S4A). These data
provide one line of evidence that the LNPs, which exhibited
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preferential tropism to nonhepatocytes, did not require LDLR,
VLDLR, or ApoE to deliver siRNA to target cells.
One advantage of DNA barcoding studies is the ability to

measure how many different LNPs behave in vivo. We
therefore used next-generation sequencing (NGS) to quantify
the normalized delivery of all 98 barcodes in the cell types
where we observed the most robust silencing: lung endothelial
cells, liver endothelial cells, and liver Kupffer cells (Figure 2C−
E). Normalized delivery is used to quantify barcode
delivery16,32 and is detailed in Figure S5. The unencapsulated
DNA barcodes, which serve as negative sequencing controls,
were among the lowest in all cell types sequenced across all
animal models (Figure S6A), validating our normalized
delivery data. We also plotted normalized delivery as a
function of LNP hydrodynamic diameter and found no
relationship between LNP diameter and delivery within the
size range tested (Figure S6B) and no relationship between
LNP PDI an delivery (Figure S6C); this is consistent with
previous studies.14,22

After evaluating the sequencing controls, we performed
unbiased clustering36,37 on the normalized delivery of all the
LNPs in all cell types and animal models sequenced (Figure
2F, Figure S6D). The barcode sequencing data identified two
LNPs with different tropisms. The first LNP, which we named
LNP-54, had the highest normalized delivery in WT lung
endothelial cells (Figure 3A). The second LNP, which we

named LNP-94, had higher normalized delivery in WT liver
endothelial and liver Kupffer. We noticed both LNPs
contained the molar ratio 80:2.5:17.5 of ionizable lipid :
cholesterol : PEG lipid. This was a ratio we found present
among other top performing LNPs. To confirm these
observations from the sequencing data, we formulated LNP-
54 (Figure 3B) with siLAMP1 and administered the LNPs at
doses of 1.5, 0.75, or 0.5 mg/kg to WT mice. As a control, we
also injected siLuc at a dose of 1.5 mg/kg. We then evaluated
LAMP1 protein expression in liver endothelial cells, lung
endothelial cells, and liver Kupffer cells (Figure 3C−E).
Compared to PBS-treated mice, we observed 66% LAMP1
protein silencing in liver endothelial cells, 42% LAMP1
silencing in Kupffer cells, and 40% LAMP1 silencing in lung
endothelial cells at the highest dose tested. We repeated the
experiment, this time formulating LNP-94 (Figure 3F) with
siLuc or siLAMP1. At the highest dose tested, LNP-94 reduced
LAMP1 expression in liver and lung endothelial cells by 38%
and 39%, respectively (Figure 3G,H) and silenced LAMP1
protein in Kupffer cells by 70% at doses as low as 0.5 mg/kg
(Figure 3I). As initially predicted by the screen, LNP-54
performed better in lung endothelial cells compared to LNP-94
and LNP-94 performed better in liver Kupffer cells than LNP-
54 (Figure 3A). We did not observe a better performance of
LNP-94 in liver endothelial cells compared to LNP-54 as the
sequencing data originally suggested. However, the screen

Figure 3. LNP screening allows us to find LNPs with specific tissue and cell tropisms. (A) Two LNPs identified had differential performance in the
lung and liver in C57BL/6J mice. The performance of (B) LNP-54 was evaluated in (C) liver endothelial, (D) lung endothelial, and (E) liver
Kupffer cells. Similarly, the performance of (F) LNP-94 was evaluated in (G) liver endothelial, (H) lung endothelial, and (I) liver Kupffer cells.
Statistical analyses were conducted using a one-way ANOVA with Tukey’s multiple comparison test. Statistical differences shown compare LAMP1
protein expression of mice receiving siLAMP1 against mice receiving siLuc. ns (p > 0.05, not shown), * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
**** (p < 0.0001). VK, liver Kupffer cells; VE, liver endothelial cells; LE, lung endothelial cells.
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predicted LNP-54 to be better than LNP-94 in liver
endothelial cells across all knockout mice, which made us
believe that some sequencing bias might have occurred during
NGS for LNP-54 in C57BL/6J liver endothelial cells (Figure
S7). We also cannot discard the possibility that more LNP-94
was endocytosed in C57BL/6J mice without its payload being
necessarily released into the cytoplasm (Figure 1A). Finally,
compared to mice treated with PBS, we observed no changes
in weight or liver histology after mice were treated with LNP-
54 or LNP-94 (Figure S8A,B).
After confirming the activity of LNP-54 and LNP-94 in WT

mice, we evaluated how the LNPs delivered siLAMP1 in
knockout mice. In previous studies, LNPs that were ApoE-
dependent silenced genes far less efficiently in ApoE−/− mice
compared to WT mice, whereas ApoE-independent LNPs

silenced genes with approximately the same efficiency in both
models.10 We therefore injected LNP-54 into all three
knockout models at a dose of 0.75 mg/kg and compared
LAMP1 silencing to WT mice treated with the same dose. We
did not observe consistently worse delivery in ApoE−/− mice
(Figure 4A, Figure S9A,B), compared to WT mice. We then
repeated the experiment with LNP-94 and made similar
observations (Figure 4B, Figure S9C,D). Interestingly, we
observed better delivery in LDLR−/− across most cell types; it
is possible that competing endocytosis mechanisms that do not
depend on LDLR are more efficient for siRNA delivery and the
lack of LDLR favors these mechanisms. We confirmed these
flow cytometry-based readouts by quantifying tissue-level
LAMP1 expression using confocal microscopy (Figure 4C,
Figure S9E). While LNP-54 showed similar silencing levels to

Figure 4. LNP-54 and LNP-94 are ApoE-independent. (A) The performance of LNP-54 in liver endothelial and Kupffer cells was evaluated across
all mouse models. Similarly, (B) the performance of LNP-94 in liver endothelial and Kupffer cells was evaluated in all mouse models. (C)
Qualitative comparison of AF488 pixel intensity of liver sections of mice treated with siLAMP1 or PBS across all mouse models. Statistical analyses
were conducted using a one-way ANOVA with Tukey’s multiple comparison test. Statistical differences shown compare LAMP1 protein expression
of genetic knockout mice against C57BL/6J control. ns (p > 0.05, not shown), * (p < 0.05), ** (p < 0.01).
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the flow cytometry data, LNP-94 showed an opposing
performance in LDLR−/− and VLDLR−/− mice compared to
the flow cytometry data set. Given that LAMP1 is highly
enriched in late endosomes and lysosomes, we anticipate that
lead LNPs must confirm intracellular and surface-level
silencing to ensure consistent results. Finally, as a positive
control we injected the LNP used to deliver patisiran with
siLAMP1 as the payload to WT, LDLR−/−, and ApoE−/− mice
at a dose of 0.3 mg/kg (Figure S9F). Previous research has
shown that this LNP is reliant on ApoE and LDLR to deliver
siRNA, and because of this we did not think it necessary to
validate dependence on VLDLR.5 As expected, we observed
significantly lower delivery in the knockout mice compared to
WT mice across multiple liver cell types (Figure S9G). Taken
together, these data suggest that LNP-54 and LNP-94 target
cells in an ApoE-independent manner.

■ DISCUSSION

Both FDA-approved hepatocyte-targeting RNA delivery
systems enter cells using pathways that are conserved across
preclinical species and humans. Thus, to speed the develop-
ment of delivery systems that target nonhepatocytes, it will be
important to understand the genes that promote delivery to
new cells. Here, we characterize a novel universal barcoding
platform with the aim of discovering ApoE-independent LNPs
for siRNA delivery. Notably, both LNP-54 and LNP-94 did
not seem to require ApoE, and both LNPs tended to
preferentially deliver siRNA to nonhepatocytes. Although the
data are early, they support the hypothesis that non-ApoE
serum interactions may be exploited to target new cell types.
This assay is distinct from an siGFP-based barcoding system

we recently reported;16 the previous siGFP system required
mice that constitutively express GFP, and thus cannot easily be
used to study knockout mice. Although we focused our studies
on mice, it is feasible that similar approaches could be used to
perform high-throughput screens in other species, including
larger animals. Notably, we found that LAMP1 is expressed
across several species, including rats38 and nonhuman
primates.39 At the same time, it is important to acknowledge
the limitations of this work. First, although we identified that
LNP-54 and LNP-94 did not depend on ApoE, we did not
identify novel genes that are required for their delivery. Further
studies involving other knockout mice or RNA sequencing
might be needed to identify the mechanism by which these
LNPs enter cells and deliver their cargo. Second, this LAMP1
system is currently limited to mice; it is possible that the genes
that affect delivery in NHPs may differ.40 Third, we identified
LNP-54 and LNP-94 by their efficiency in silencing LAMP1;
studies about their pharmacokinetics, biodistribution, protein
corona formed in serum, and stability over time remain to be
determined. Finally, all LNPs were administered intravenously;
we cannot discard the possibility that these LNPs might
behave differently if injected through different routes of
administration. Despite the limitations, the ability to rapidly
evaluate how genes influence LNP-mediated RNA delivery in
mice may be useful in understanding how we can use delivery
systems to target new cell types.41
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