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Safe and efficacious systemic delivery of messenger RNA (mRNA)
to specific organs and cells in vivo remains the major challenge in
the development of mRNA-based therapeutics. Targeting of sys-
temically administered lipid nanoparticles (LNPs) coformulated
with mRNA has largely been confined to the liver and spleen.
Using a library screening approach, we identified that N-series
LNPs (containing an amide bond in the tail) are capable of selec-
tively delivering mRNA to the mouse lung, in contrast to our previ-
ous discovery that O-series LNPs (containing an ester bond in the
tail) that tend to deliver mRNA to the liver. We analyzed the pro-
tein corona on the liver- and lung-targeted LNPs using liquid
chromatography–mass spectrometry and identified a group of
unique plasma proteins specifically absorbed onto the surface that
may contribute to the targetability of these LNPs. Different pulmo-
nary cell types can also be targeted by simply tuning the head-
group structure of N-series LNPs. Importantly, we demonstrate
here the success of LNP-based RNA therapy in a preclinical model
of lymphangioleiomyomatosis (LAM), a destructive lung disease
caused by loss-of-function mutations in the Tsc2 gene. Our lung-
targeting LNP exhibited highly efficient delivery of the mouse
tuberous sclerosis complex 2 (Tsc2) mRNA for the restoration of
TSC2 tumor suppressor in tumor and achieved remarkable thera-
peutic effect in reducing tumor burden. This research establishes
mRNA LNPs as a promising therapeutic intervention for the treat-
ment of LAM.

lipid nanoparticles j lung-targeted delivery j lymphangioleiomyomatosis j
tuberous sclerosis complex j mRNA

The use of messenger RNA (mRNA) for vaccination (1, 2),
protein replacement therapy (3) and cancer immunother-

apy (4), and mRNA technology encoding CRISPR/Cas nucle-
ase for genome editing (5) holds the potential to revolutionize
the treatment of a wide range of currently untreatable genetic
diseases. The US Food and Drug Administration (FDA) recently
authorized two mRNA vaccines enabled by nonviral lipid nano-
particles (LNPs) against COVID-19 for emergency use, repre-
senting a key milestone in mRNA therapeutics. Aside from
COVID-19, other mRNA vaccines against influenza viruses (6),
Cytomegalovirus (7), and advanced melanoma (8) have also
been developed and are now in human clinical trials. The clinical
success of these transformative therapeutics is largely reliant on
the development of safe, efficient, and highly selective delivery sys-
tems to target mRNA toward specific tissues and cell types (9, 10).

As one of the most advanced nonviral synthetic nanopar-
ticles, LNPs have been proven to specifically deliver small
interfering RNA (siRNA) to the liver for the treatment of
hereditary transthyretin amyloidosis (11). Since mRNA pre-
dominantly accumulates in the liver and spleen following sys-
temic delivery (12–16), much of the clinical interest to date has
focused on hepatic diseases. Delivery vehicles that enable spe-
cific mRNA delivery to extrahepatic tissues are urgently needed
to fully realize the potential of mRNA-based therapy.

Considerable effort has been made to develop organ-targeted
LNPs to bypass liver accumulation by modifying the surface of
LNPs with targeting moieties such as peptides, antibodies, and
proteins (17–19). Recently, targeted LNPs functionalized with
alpha plasmalemma vesicle–associated protein antibody were
developed for lung-targeted mRNA delivery in vivo (18). More
recently, a selective organ targeting (SORT) strategy was devel-
oped to engineer LNPs to tune the biodistribution of LNPs; the
incorporation of an extra excipient, the SORT molecule, can
enable the precise alteration of the in vivo mRNA delivery profile
(20). These strategies exhibit advantages in mitigating liver accu-
mulation and delivering mRNA to lungs or spleens. These prom-
ising developments motivate us to continue explore innovative
ways to deliver mRNA to specific locations.

A major roadblock in the development of targeted LNPs is
difficulty predicting the in vivo targeting behavior of newly
designed LNPs due to the limited understanding of the nano-
bio interactions between nanoparticles (NPs) and biological
components. The outer surface of NPs can be rapidly covered
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with a layer of serum proteins, referred to as the “protein coro-
na,” which remodels the surface property of NPs and substan-
tially affects the interaction of NPs with organs and cells (21).
We and others have demonstrated that the lipidoid amine head
structure can impact the delivery efficacy and even the in vivo
targetability of mRNA-loaded LNPs (22–24). In a recent study,
we showed that imidazole-based synthetic lipidoids preferen-
tially target mRNA to the spleen (25). For the lipidoid tail
chemistry, although considerable progress has been made in
the understanding of lipidoid tail length, degree of unsatura-
tion, and degree of branching on the effect of mRNA delivery
potency (26–29), the influence of lipidoid tail structures on the
in vivo selectivity of LNPs remains poorly understood. To
address this important knowledge gap, we synthesized a library
of amide bond–containing lipidoids (N-series LNPs) via
Michael addition reaction between amine heads and acrylamide
tails (Fig. 1A). Surprisingly, from in vivo screening, we found
that the N-series LNPs almost exclusively deliver mRNA to the
lung following systemic administration (Fig. 1 B and C).
Intriguingly, our previous study demonstrated that the O-series
lipidoids, which contain an ester bond in the tails, tend to
deliver mRNA into the liver (16). To better understand why
such a small change induces such striking organ specificity, we
further investigated the underlying mechanisms of these deliv-
ery differences. We hypothesized that once injected into the
bloodstream, the LNPs can selectively govern the adsorption of
specific plasma proteins to serve as targeting ligands that direct
LNPs to selected organs. Indeed, using proteomics, we identi-
fied a group of unique plasma proteins specifically absorbed on
the surface of two representative LNP candidates, 306-O12B
and 306-N16B, that may affect the targetability of these LNPs.

More importantly, we found that different pulmonary subcellu-
lar populations can be targeted by changing the lipidoid head
structure of N-series LNPs. Furthermore, we evaluated the
lung-targeting LNPs for the in vivo targeted delivery of Tsc2
mRNA to TSC2-deficient cells to restore the expression of the
TSC2 tumor suppressor for the treatment of pulmonary lym-
phangioleiomyomatosis (LAM), a rare genetic disorder caused
by biallelic mutations and loss of function of TSC complex
genes. This study provides proof of concept that tuning the
in vivo organ-targeting behavior of LNPs can be achieved by
tailoring the composition of protein corona via simple chemis-
try. This work provides a strategy for the rational design of
highly specific organ- and cell-selective LNPs for mRNA-based
therapy.

Results
Synthesis of N-Series Lipidoids and In Vivo Screening of mRNA-
Loaded LNPs. We generated nine bioreducible N-series lipidoids
by reacting the acrylamide tails (N16B, N14B, and N12B) with
different commercially available amine heads using a solvent-
free Michael addition reaction (Fig. 1A). LNPs were then for-
mulated with the previously optimized formulation condition of
LNP for mRNA delivery with 50% synthetic active lipidoid,
38.5% cholesterol, 10% 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), and 1.5% 1,2-dimyristoyl-rac-glycero-3-methoxy-
polyethylene glycol-2000 (DMG-PEG2000) in molar ratios
(16). To investigate the in vivo systemic mRNA delivery profiles
of these LNPs, we encapsulated firefly luciferase mRNA (fLuc
mRNA) encoding firefly luciferase, a reporter protein that can
be visualized in vivo using the IVIS imaging system (Perkin-
Elmer). Interestingly, the bioluminescence signals in the

Fig. 1. Synthesis and in vivo screening of N-series LNPs. (A) Synthetic route and representative chemical structure of lipidoids. Representative whole-
body bioluminescence images of mice (B) and in vivo mRNA delivery efficacy (C) of N-series LNPs measured by the IVIS imaging system. Mice were injected
with either of the Luc mRNA–loaded N-series LNPs at a single dose of 0.5 mg/kg. Images were taken at 6 h postinjection (n = 3). Data are presented as
mean ± SD; the error bar around each data point is the SEM.
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N-series LNP–treated mice were mainly located in the lungs
(Fig. 1B). In addition, we found that the chemical structure of
lipidoids plays a critical role in determining the in vivo mRNA
delivery efficacy of the formulated LNPs. As shown in Fig. 1C,
the quantified luciferase bioluminescence intensity in the lungs
at 6 h postinjection demonstrates that LNPs incorporated with
the 306-amine head exhibited the highest delivery efficacy, as
compared with the 304 and 113 LNPs. The delivery efficacy
also increases with the increasing of the tail length of lipidoids;
lipidoids armed with the N16B tail exhibited the highest
potency compared with those with an N14B or N12B tail. To
investigate whether a helper lipid such as DOPC plays a role in
the lung-targeted delivery of these N-series lipidoids, we formu-
lated the 306-N16B with helper lipids such as 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) while keeping cholesterol
and DMG-PEG2000 not changed. As shown in SI Appendix,
Fig. S1, LNP formulation using ionizable lipid 306-N16B with
helper lipid DOPE or DSPC also led to the protein expression
mainly in the lung, though having less protein production when
using helper lipid DOPC (Fig. 1B). These results showed that
the active lipidoid (e.g., 306-N16B), not the helper lipid, is
responsible for the lung-targeted delivery using the N-series
LNPs. We then studied the biodistribution of the 306-N16B
LNP–mRNA complex to understand the observed organ-
selective protein expression. Luc mRNA–loaded LNPs were
injected into the Balb/c mice via tail vein injection. Mice were
killed and the organs harvested at 4 h postinjection. Then, 306-
N16B in the organ was extracted and quantified using mass
spectrometry. We found that 306-N16B was not only detected
in the lung but also in the liver and some in the spleen (SI
Appendix, Fig. S2), while luciferase expression was only

observed in lung (Fig. 1B). Though the specific mechanism for
why there is no detectable protein expression in liver and
spleen remains to be elucidated, these results showed that there
is not always a correlation between LNP organ accumulation
and cellular uptake and protein expression.

Different Pulmonary Subcellular Populations Can Be Targeted by
Changing the Amine Head Structure of N-Series LNPs. The clinical
translation of mRNA-based therapeutics requires specific
mRNA delivery to the organs and cell types of interest. The
lungs can be affected by many diseases caused by the dysfunc-
tion of multiple cellular compartments, including endothelial
(30), epithelial (31), and immune cells (32). To identify the lung
cell subpopulations that are specifically transfected, we utilized
the genetically engineered Cre/LoxP Ai14 reporter mouse line
to achieve cell-type–specific expression of the tdTomato protein
(33). We injected the Ai14 mice with the two most potent lung-
targeting LNPs (306-N16B and 113-N16B). Cre mRNA, encod-
ing Cre recombinase, was used as an mRNA cargo in these
experiments. Once delivered into the cells, Cre recombinase
removes the stop cassette and activates the expression of tdTo-
mato fluorescence signal in the edited cells (Fig. 2A). As shown
in the ex vivo image of organs collected from the treated mice
(Fig. 2 B and C), the red tdTomato signal was detected specifi-
cally in the lungs of both 306 and 113-N16B LNP–treated mice,
and tdTomato positive cells were observed by using confocal
imaging of lung sections. To further identify and quantify the
transfected specific cell types in the lungs, lung tissues were
processed into single-cell suspensions and analyzed using flow
cytometry. For the 306-N16B LNP, 33.6% of pulmonary endo-
thelium was transfected, compared with 1.5% of epithelium
and 1.9% of macrophages (Fig. 2B), indicating that the 306-

Fig. 2. Different pulmonary cell types can be targeted by tuning the head structure of N-series LNPs. (A) Schematic illustration of the delivery of Cre
mRNA to the lung to activate tdTomato expression via Cre-mediated genetic deletion of the stop cassette in tdTomato transgenic Ai14 mice. (B, C) Chemi-
cal structure, representative ex vivo image of tdTomato fluorescence in edited Ai14 mouse organs captured by using the IVIS imaging system, representa-
tive immunofluorescence images of lung tissue taken by confocal microscopy, and quantification of the percentage of tdTomato+ cells within defined
cell types of the lungs by flow cytometry of 306-N16B (B) and 113-N16B (C) LNPs. Mice were i.v. injected with Cre mRNA–loaded LNPs at a single dose of 0.75
mg mRNA equiv./kg. Endothelial cells were stained by FITC (fluorescein isothiocyanate)-CD31 antibody, epithelial cells were stained by CD326-PE-Cy7 antibody,
and macrophages were stained by F4/80-eFluor 660 antibody (Scale bar, 20 μm).
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N16B LNP is capable of selectively delivering mRNA to the
pulmonary endothelial cells. In contrast, the 113-N16B LNP
delivered Cre mRNA preferentially to endothelial cells (69.6%
of total endothelial cells were transfected) but also to macro-
phages (18.9%) and epithelium (7.3%) (Fig. 2C). These find-
ings demonstrate that different pulmonary cell populations can
be targeted by simply tuning the head structure of N-series
LNPs, setting the stage for potential therapeutic applications
for lung diseases associated with specific pulmonary cells.

Characterization of Proteins Constituting the Protein Corona in 306-
O12B LNP and 306-N16B LNP. It is believed that the outer surface
of nanoparticles (NPs) is immediately masked with a layer of
biomolecular corona shortly after intravenous administration,
which can dramatically alter the surface properties of NPs and
determine their in vivo fate (34). The controlled adsorption of
specific plasma proteins on the NPs surface may selectively
direct NPs to specific organs (35–37). We previously reported
that O-series LNPs could specifically deliver mRNA to the liver
(16). We hypothesized that the dramatically different in vivo
organ targetability of O- and N-series LNPs (Fig. 3A) might be
attributed to the serum proteins formed on their surfaces
(Fig. 3B). To test this hypothesis, we identified and quantified
the proteins on two representative LNPs, 306-O12B and 306-
N16B. We incubated these two LNPs with mouse plasma at
37 °C for 1 h and isolated and recovered the protein-coated
LNPs using centrifugation followed by extensive washing with

PBS. Proteomics was then performed to analyze the composi-
tion of proteins on LNPs. We identified and quantified 1,838
and 1,088 proteins on the 306-O12B LNP and 306-N16B LNP,
respectively. The complete dataset containing the molecular
mass and calculated isoelectric point of all identified proteins
is provided in Dataset S1. Venn diagrams revealed both com-
mon and unique proteins between the 306-O12B LNP and the
306-N16B LNP (SI Appendix, Fig. S3). We listed the top 20
most abundant corona proteins, which may play the dominant
role in the protein corona, for each LNP in Table 1. We found
that 306-O12B LNP and 306-N16B LNP only shared six com-
mon proteins among the top 20, supporting our hypothesis
that the proteins absorbed on the LNP surface may partici-
pate in the in vivo targetability. We identified ApoE as the
second dominant protein composition in the corona of the
liver-targeting 306-O12B LNP (Fig. 3C), consistent with a
prior study demonstrating apolipoprotein E (ApoE)–medi-
ated delivery of LNPs to the liver (11). In contrast, the top three
proteins in the corona of the lung-targeting 306-N16B LNP are
serum albumin, fibrinogen beta chain, and fibrinogen gamma
chain (Fig. 3D). It has been reported that fibrinogen coating
can improve endothelial cell adhesion and endothelialization
(38, 39). Dissecting whether the underlying mechanisms of pro-
tein corona–mediated liver- or lung-targeted mRNA delivery
by O-series or N-series LNPs, respectively, are determined by
one particular protein or the synergistic effects of several pro-
teins needs further study.

Fig. 3. Proteomics study of protein coronas formed on LNPs. (A) Schematic illustration of different organ targetability of O- and N-series LNPs. (B) Inter-
action of LNPs with proteins in the blood vessel. Quantification of percentage of total proteins of the top three protein components in the protein corona
of the 306-O12B LNP (C) and the 306-N16B LNP (D) is shown (n = 3). The top 20 most abundant corona proteins were categorized based on their calcu-
lated molecular weight (E), isoelectric point (F), and biological function (G).
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We further classified the top 20 proteins according to their
molecular weight (Mw) (Fig. 3E). The protein corona of the
306-O12B LNP was enriched in low molecular weight proteins
with 80% of proteins having an Mw < 60 kDa, while 55% of
proteins in the protein corona of the 306-N16B LNP are larger
than 60 kDa. We also categorized the proteins based on their
isoelectric point (pI). As shown in Fig. 3F, 50% and 80% of
proteins displaying a negative charge (pI < 7) at physiological
pH 7.4 constitute the protein corona of the 306-O12B LNP and
306-N16B LNP, respectively. It was suggested that positively
charged NPs prefer to attract negatively charged proteins (40).
However, in our case, we did not see a significant difference in
the zeta potential of these two LNPs, with both LNPs showing
a slight negative surface charge (SI Appendix, Table S1), indicat-
ing that surface charge may not be the only factor that affects
the interaction between NPs and proteins in the biological flu-
ids. Finally, we sorted the proteins according to their biological
functions (Fig. 3G). Proteins abundant on the 306-O12B LNP
and 306-N16B LNP are associated with lipid metabolism, com-
plement activation, immune responses, acute-phase response,
and coagulation. It should be noted, however, that aside from
the other plasma proteins, the highest enriched proteins in the
corona of the 306-O12B LNP are the apolipoproteins that
involve in lipid and cholesterol metabolism (Fig. 3G), while
coagulation-relevant corona proteins represent the largest frac-
tion in the corona of the 306-N16B LNP (Fig. 3G). Collectively,
these findings illustrated that the protein coronas formed on
the 306-O12B LNP and 306-N16B LNP differ in protein com-
positions, fractions, and biological functions, which may play
critical roles in determining their in vivo tissue targeting.

306-N16B LNP Allows Lung-Specific Delivery of Genome-Editing
Cas9 mRNA. As we have demonstrated above, the 306-N16B
LNP is capable of specifically delivering fLuc mRNA and Cre
mRNA to the lungs. The length of these two mRNAs is less
than 2,000 nucleotides (1,960 nucleotides for fLuc mRNA and
1,350 nucleotides for Cre mRNA). Some specific diseases may
require the delivery of even larger mRNA molecules. With this
in mind, we wondered whether our 306-N16B LNP could simi-
larly have the potential to deliver longer mRNA to the lung.
We thus formulated a 306-N16B LNP with Cas9 mRNA, a
genome-editing mRNA that has 4,521 nucleotides, which is

more than three times longer than the fLuc mRNA; the LNP
was then injected into the Babl/c mice. After 6 h, mice were
killed, and organs were collected for further Western blot anal-
ysis to detect the Cas9 protein expression in different organs.
Notably, we found that the Cas9 protein can be only detected
in the lung (SI Appendix, Fig. S4), indicating that the 306-N16B
LNP mediated specific delivery of Cas9 mRNA to the lung.

After confirming that the 306-N16B LNP could specifically
deliver Cas9 mRNA to the lungs, we next reasoned whether we
can codeliver Cas9 mRNA and a single guide RNA (sgRNA)
in the 306-N16B LNP to the lungs to enable lung-specific
CRISPR-Cas9 genome editing. To test this hypothesis, we
injected Ai14 mice with Cas9 mRNA and a LoxP-targeting
sgRNA (sgLoxP)–loaded 306-N16B LNP at a dose of 1.67 mg/
kg of total RNA (Cas9 mRNA/sgLoxP = 1:1.2, wt/wt) and ana-
lyzed gene editing specificity at day 7 postinjection (Fig. 4A).
As shown in Fig. 4B, fluorescence signals were mainly seen in
the lungs; a weak fluorescence signal was also observed in the
liver. tdTomato positive cells were seen from the microscopy
images of tissue sections (Fig. 4C). The results indicated that
306-N16B LNP was able to codeliver Cas9 mRNA and sgRNA to
both lungs and liver in mice to allow genome-editing applications.
However, we found that the 306-N16B LNP showed less tissue
selectivity in codelivering Cas9 mRNA and sgRNA as compared
with the single mRNA delivery that could almost exclusively
deliver mRNA to the lungs. This indicates that the incorporation
of a shorter sgRNA could alter the physical property of formed
LNP and change the organ-tropism of LNP. The observation that
including additional components into the LNP formulation can
change delivery efficiency and tropism was previously reported in
the literature (20, 41, 42).

LNP for Lung-Targeted TSC2 mRNA Delivery for the Treatment of
LAM In Vivo. Pulmonary LAM is a rare genetic lung disease that
is characterized by aberrant mTORC1 hyperactivity caused by
inactivating mutations of the tuberous sclerosis complex 1 or 2
(Tsc1 or Tsc2) genes. Rapamycin (sirolimus), an mTORC1
inhibitor, is FDA-approved for the treatment of LAM (43–46),
although ongoing loss of lung function and need for lung trans-
plantation can still occur (47). Thus, there is an urgent need to
develop new therapies for the treatment of LAM. Therefore,

Table 1. Top 20 most abundant corona proteins identified in the protein corona of LNPs

No. 306-O12B 306-N16B

1 albumin albumin
2 apolipoprotein E fibrinogen beta chain
3 complement C1q subcomponent subunit B fibrinogen gamma chain
4 immunoglobulin heavy constant mu fibrinogen alpha chain
5 apolipoprotein A-I fibronectin
6 complement C1q subcomponent subunit C ceruloplasmin
7 complement C1q subcomponent subunit A immunoglobulin heavy constant alpha (fragment)
8 apolipoprotein B-100 prothrombin
9 beta-globin immunoglobulin heavy constant mu
10 apolipoprotein A-IV complement C3
11 apolipoprotein C-I H-2 class I histocompatibility antigen, Q10 alpha chain
12 serotransferrin interalpha-trypsin inhibitor heavy chain H3
13 pregnancy zone protein carboxylesterase 1C
14 immunoglobulin heavy constant alpha (fragment) apolipoprotein A-I
15 immunoglobulin kappa constant vitronectin
16 immunoglobulin kappa variable 17–121 (fragment) interalpha-trypsin inhibitor heavy chain H2
17 fibrinogen beta chain protein AMBP
18 alpha globin 1 interalpha-trypsin inhibitor heavy chain H1
19 immunoglobulin heavy constant gamma 2C (fragment) alpha-1-antitrypsin 1–4
20 vitronectin bradykinin

Proteins in bold text are unique proteins among the top 20 for indicated LNPs.
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we evaluated whether our lung-targeting LNPs can deliver
mRNA encoding the Tsc2 gene for the treatment of LAM.

We first tested the feasibility of our LNPs to deliver
enhanced green fluorescent protein (EGFP) mRNA into
mouse TSC2-null TTJ cells (Tsc2-null, kidney-derived epithelial
tumor cells), which are used in an established model of LAM
(48). In vitro, we found that the lung-targeting 306-N16B LNP
showed low delivery efficacy in transporting mRNA to TTJ
cells, but the liver-targeting 306-O12B LNP exhibited a rela-
tively higher transfection efficiency (SI Appendix, Fig. S5).
Therefore, we designed a hybrid LNP formulated with an equi-
molar mixture of 306-O12B and 306-N16B (referred to as
hLNP) (Fig. 5A). We hypothesize that such hLNPs can effi-
ciently target the lungs and also deliver cargo to the TTJ cells
in vivo. Interestingly, such hLNPs showed a much higher trans-
fection efficiency toward TTJ cells when compared with the
306-O12B and 306-N16B LNPs, and uniform expression of
EGFP was observed (SI Appendix, Fig. S5). An in vivo imaging
study also revealed that the hLNP delivers Luc mRNA to both
the lung and liver (SI Appendix, Fig. S6). In the application to
replace a mutated gene for cancer therapy, it may not be a con-
cern of delivering wild-type mRNA to the liver, which naturally
expresses TSC2.

To determine whether an hLNP can deliver mRNA to TSC2-
deficient cells in vivo, TTJ cells were injected intravenously into
syngeneic 6-wk–old C57BL/6J mice to form LAM-like nodules
in the lung as previously reported (48). hLNPs encapsulating
EGFP mRNA were injected via tail vein. We killed the mice
and collected the lungs 6 h after injection. EGFP expression in
the lung was analyzed through immunohistochemistry (IHC).
Remarkably, as shown in Fig. 5B, EGFP expression was primar-
ily detected in TTJ-derived tumor nodules, but not in adjacent
normal lung tissue. Phospho-S6 (a marker of TSC2-deficient
cells) immunostaining revealed strong colocalization of
phospho-S6 and EGFP (Fig. 5C), confirming that hLNP ena-
bles specific delivery of EGFP mRNA to TTJ cells.

We next evaluated the therapeutic effect of hLNPs loaded
with Tsc2 mRNA in this preclinical model. Full-length (5,445
nucleotides) mouse wild-type Tsc2 mRNA was transcribed
in vitro. In vitro, this mRNA suppressed the expression of
phospho-S6 in TSC2-null cells (SI Appendix, Fig. S7 A and B),
indicating successful suppression of the mTORC1 pathway.
Similarly, re-expressing wild-type Tsc2 mRNA in patient-
derived TSC2-deficient cells significantly inhibited mTORC1
signaling (SI Appendix, Fig. S7 C and D). We treated TTJ
tumor-bearing mice with Tsc2 mRNA–encapsulated hLNP (0.75
mg/kg) or empty hLNP, every other day for a total of five doses,
starting on day 24 after TTJ cell inoculation, with five mice in
each treatment group. Mice without treatment were also included
as a control (Fig. 6A). The Tsc2 mRNA–loaded hLNP signifi-
cantly suppressed tumor growth compared to that of empty LNPs
or without treatment (Fig. 6B; SI Appendix, Fig. S8). No signifi-
cant difference was observed between the empty LNP treatment
group and the untreated group. We further evaluated tumor pro-
liferation and apoptosis using IHC against Ki67 and cleaved cas-
pase 3, respectively (Fig. 6 C and D). Cell proliferation within
tumor modules was decreased by Tsc2 mRNA LNP treatment
compared to that of empty LNP and untreated groups, while no
difference was observed between empty LNP and untreated
groups. The difference of tumor cell apoptosis between the empty
LNP and untreated groups is very small, indicating that tumor
apoptosis may not be a major mechanism of tumor reduction in
this model. We hypothesize that wild-type TSC2 restoration
through mRNA delivery may thus induce immune-mediated
mechanisms that reduce the TTJ cells’ tumor burden (49). To test
this possibility, we assessed macrophage and Tcell tumor infiltra-
tion by IHC against F4/80 and CD3. No difference in macro-
phage infiltration was observed between the groups, but the Tsc2
mRNA–loaded hLNP treatment group showed enhanced tumor
Tcell infiltration (Fig. 6D), consistent with the hypothesis that res-
toration of TSC2 protein expression induces an immune-
mediated therapeutic response in this preclinical model of LAM.

Fig. 4. The 306-N16B LNP allows systemic codelivery of Cas9 mRNA and sgRNA in vivo. (A) Schematic illustration of codelivery of Cas9 mRNA and sgLoxP
to activate the tdTomato expression in Ai14 mice. (B) Representative ex vivo image of organs collected from Cas9 mRNA and sgLoxP coloaded 306-N16B
LNP–treated transgenic Ai14 mice. Mice were injected via tail vein at a dosage of 1.67 mg/kg of total RNA. (C) Representative microscopy images of the
lung and liver dissected from Cas9 mRNA and sgLoxP coencapsulated 306-N16B LNP–treated Ai14 mice (Scale bar, 100 μm).

6 of 10 j PNAS Qiu et al.
https://doi.org/10.1073/pnas.2116271119 Lung-selective mRNA delivery of synthetic lipid nanoparticles for the

treatment of pulmonary lymphangioleiomyomatosis

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116271119/-/DCSupplemental


Discussion
In recent years, increasing interest has been seen in using the
LNPs to deliver mRNA therapeutics. The in vitro synthetic
mRNA has the potential to produce therapeutically relevant
proteins “in vivo” to control and treat a broad spectrum of dis-
eases, including AIDS, Zika, rare diseases, cancer, and corona-
virus. To leverage this transformative technology to benefit
human health, the mRNA needs to be sent to the diseased
organs and cells to enable specific expression of therapeutic
proteins, and subsequently, produce the desired therapeutic
effect. LNPs represent one of the leading nonviral delivery sys-
tems for nucleic acid delivery, and considerable efforts have
been made to employ LNPs for mRNA delivery. However, the
fact is that the majority of developed LNPs have targeted the
liver after systemic administration; therefore, new strategies are
needed to direct LNPs to other organs, such as the lungs, kid-
neys, heart, and brain. Currently, we and others have reported
that some LNPs containing specific amine heads, such as imid-
azole, adamantly, and neuron transmitter, delivered mRNA,
siRNA, and antisense oligonucleotide (ASO) to the spleen and
brain (22, 25, 50). More recently, the Siegwart laboratory dis-
covered and developed an SORT strategy to engineer LNPs to
target extrahepatic tissues, for example, the lung and spleen,
with the addition of an extra excipient (20).

Here, we show that the in vivo organ selectivity of LNPs can
be precisely tuned by simply changing the linker structure in
the lipidoid tails without complicating the LNP formulation. By
changing the linker from ester bond (referred to as O-series) to
amide bond (referred to as N-series), the mRNA delivery spe-
cificity enabled by LNPs was switched from the liver to the
lung. A proteomic study was performed to try to explain why
such a small structural difference between the O-series and
N-series LNPs leads to dramatically different organ selectivity.
The primary hypothesis is that these two tail structures may
have a specific affinity to some distinct serum proteins that dic-
tate the protein compositions of coronas formed on the surface
of the LNPs during the circulation. It has been reported that
the protein corona plays a key role in determining the in vivo

fate of nanoparticles. Our results showed that the number and
type of plasma proteins in the protein coronas of 306-O12B
and 306-N16 LNPs are different. We found 14 distinct proteins
among the top 20 most abundant proteins in these two LNPs,
which may contribute to the organ-selective protein expression.

Targeted RNA delivery to the lung is an attractive concept,
which offers tremendous opportunities to explore targets that
are currently be defined as “undruggable” for the treatment of
a broad spectrum of pulmonary diseases. In this study, we dem-
onstrated that different pulmonary cells can be easily targeted
by tuning the head structure of LNPs. We showed that the 306-
N16B LNP can specifically transport mRNA to the pulmonary
endothelial cells, an important therapeutic target that involves
acute respiratory distress syndrome, inflammation, and throm-
bosis (30). However, mRNA containing the 113-N16B LNP was
able to transfect not only pulmonary endothelial cells but also
macrophages and even epithelial cells after systemic adminis-
tration. Furthermore, we also demonstrated that codelivering
Cas9 mRNA and sgRNA into one single 306-N16B LNP
achieved genome editing in the lungs of mice, which may allow
further development of genome editing–based therapies for the
treatment of pulmonary genetic diseases. More importantly, we
demonstrated that our developed hybrid LNP was able to spe-
cifically deliver Tsc2 mRNA to TSC2-deficient TTJ tumor cells
in a preclinical LAM model and significantly inhibit tumor cell
growth, providing critical proof of concept for the use of LNP
for the treatment of pulmonary diseases.

In summary, this study demonstrated a strong correlation of
the structure-activity relationships between lipidoid tail chemistry
and organ and cell selectivity for mRNA delivery. The mechanis-
tic study using proteomics indicated that the protein composition
in the protein coronas of these two LNPs are different, suggest-
ing the unique tail linker structures may have a profound impact
on the interaction of LNPs and biological fluids that substantially
influence the targetability of LNPs. However, further studies
should be performed to fully elucidate the effect of these unique
proteins on organ targetability. The findings from this work pro-
vide a fundamental understanding of how lipid structure may

Fig. 5. hLNP enables specific delivery of mRNA to the TTJ tumor cells in vivo. (A) Schematic illustration of the preparation of hybrid LNP. hLNP was for-
mulated at a molar ratio of 25:25:38.5:10:1.5 of 306-N16B:306-O12B:cholesterol:DOPC:DMG-PEG2000. (B) Representative images of IHC analysis of EGFP in
mouse LAM lungs. Syngeneic C57BL/6J mice were tail vein injected with TSC2-deficient TTJ cells to form tumor nodules in the lungs. Mice were tail vein
injected with an hLNP loaded with EGFP mRNA. Lungs were collected 6 h postinjection. (C) Multiplex immunofluorescence staining shows colocalization
of pS6 (a marker of tumor cell) and EGFP. (Left) Staining of pS6; (Right) staining of EGFP.
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affect the in vivo fate of LNPs by manipulating protein corona
functions. We believe this study will provide insights into the
rational and predictable design of organ-targeted LNPs via sim-
ple chemistry for the development of mRNA-based therapy.

Materials and Methods
Lipidoid Nanoparticle Synthesis. Lipidoids were synthesized through the
Michael addition reaction between amine heads and alkyl-acrylate tails as in
previous reports (51, 52). Lipidoid nanoparticles were formulated by rapidly
mixing active lipidoids, cholesterol (Sigma-Aldrich), DOPC or DOPE or DSPC
(Avanti Polar Lipids), and mPEG2000-DMG (Avanti Polar Lipids) at a molar ratio
of 50:38.5:10:1.5 in ethanol solution with sodium acetate buffer (pH 5.2,
25 mM) containing mRNA by using the NanoAssemblr microfluidic system.
The final weight ratio of active lipidoid tomRNAwas set at 10/1. The resulting
LNPs were further dialyzed against phosphate buffered saline (PBS) (10 mM,
pH 7.4) in 3,500 MWCO (molecular weight cut off) cassettes (Thermo Fisher
Scientific) overnight at 4 °C. The size and surface zeta potential of LNPs were
measured by using a ZetaPALS DLS machine (Brookhaven Instruments).

In Vivo mRNA Delivery. All animal experiments were conducted in accordance
with the approved animal protocols. For in vivo fLuc mRNA transfection,
female Balb/c mice aged 6 to 8 wk purchased from Charles River were intrave-
nously (i.v.) administered with fLuc mRNA–loaded LNPs (0.5 mg/kg mRNA). At
6 h postinjection, mice were intraperitoneally injected with D-Luciferin (Gold-
bio, 15 mg/mL in PBS) and imaged by using the IVIS imaging system (Perkin-
Elmer). To further quantify the luciferase protein expression in different
organs, tissues were harvested, homogenized, and centrifuged to collect the
supernatant. The supernatant was then assayed for luciferase expression using
Firefly Luciferase Assay Kit 2.0 (Biotium). The results were presented as nano-
gram luciferase protein per gram of tissue.

For gene-recombinant Cre mRNA delivery, LNPs coformulated with Cre
mRNAwere i.v. injected into Ai14 Cre reporter mice (The Jackson Laboratory).
After 7 d, mice were killed, and major organs were collected and imaged

using an IVIS imaging system. To further identify the specific cell populations
that were transfected, tissues were frozen, sectioned into 10 μm in depth, and
further imaged by using an SP8 confocal microscope (Leica). For flow cytome-
try studies, lungs were minced and then treated with a mouse Lung Dissocia-
tion Kit (Milteny Biotec). Next, the lung solution was filtered through a 70-μm
strainer to proceed to single-cell suspension, centrifuged, and then treatedwith
red blood cell lysis buffer (eBioscience) for 5 min. The solution was then centri-
fuged again to harvest a cell pellet. Cells were resuspended in flow cytometry
staining buffer (eBioscience), and then antibodies were added and incubated
for 30 min on ice in the dark. The stained cells were washed twice with cold
PBS, resuspended in PBS, and measured using an LSR-II flow cytometer (BD Bio-
science). The antibodies used in this study are as follows: CD326-PE-Cy7 (eBio-
science), CD31-FITC (Biolegend), and F4/80-eFluor 660 (eBioscience). The dilution
rates of all antibodies were used as per manufacturers’ suggestions.

For genome-editing Cas9 mRNA delivery, Cas9 mRNA–loaded LNPs were
i.v. injected into Balb/c mice (0.5 mg/kg); 6 h postinjection, mice were killed,
organs were collected, and Western blot was performed to detect the Cas9
expression in different organs. Briefly, organs were homogenized in lysis
buffer and centrifuged at 13,000 × g for 10 min at 4 °C. The supernatants
were collected, and the protein concentrations were measured using a BCA
(bicinchoninic acid) assay kit (Thermo Fisher Scientific). Then, 20 μg of total
proteins was loaded onto a 4 to 20% polyacrylamide gel (Thermo Fisher Scien-
tific), and the gel was then run for 90 min under a stable voltage of 120 V. The
gel was cut and transferred to a polyvinylidene difluoride (PVDF) membrane,
blocked with 5% skimmed milk for 1 h at room temperature, and incubated
with anti–CRISPR-Cas9 primary antibody (Abcam, ab189380) overnight at 4 °C.
The membrane was washed with TBST (Tris-buffered saline, 0.1% Tween 20)
five times, incubated with horseradish peroxidase (HRP) rabbit anti-mouse sec-
ondary antibody (Abcam) for 1 h at room temperature, and then imaged with
an enhanced chemiluminescence (ECL) substrate using a gel imaging system.

In Vivo Biodistribution of LNPs. The Luc mRNA–encapsulated 306-N16B LNP
was injected into the Balb/c mice through i.v. injection at an mRNA dosage of
0.5mg/kg. Mice were killed at 4 h postadministration, andmain organs (heart,

Fig. 6. Therapeutic effect of TSC2 mRNA–loaded hLNP in antitumor growth. (A) Treatment design. Syngeneic C57BL/6J mice were tail vein injected with
2 × 106 TSC2-deficient TTJ cells to form tumor nodules in the lung. On day 24 after tumor cell inoculation, mice were randomly assigned to three groups:
untreated control, empty LNP treatment, and LNP-mTsc2 (0.75 mg/kg of mRNA per injection) treatment. Mice were treated every other day for a total of
five times (n = 5). (B) Fraction of tumor nodules per lung in the three treatment groups. (C) Representative images of IHC assessment of ki67, cleaved
caspase 3, macrophages, and CD3 in empty hLNP and TSC2 mRNA–loaded hLNP. (D) Quantitative analysis of C. Ten images were analyzed for each group.
T cell: CD3 IHC; apoptosis: cleaved caspase 3 IHC; proliferation: Ki67 IHC; macrophage: F4/80 IHC. Data are shown in mean ± SD; the error bar around
each data point is the SEM. Student’s t test was used to calculate the statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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liver, lung, spleen, and kidney) were collected. An ∼50-μg aliquot of tissue
samples was used for lipid extraction. Briefly, tissue sample was placed in a
1.5-mL EP tube, and 1 mL of methanol was added and dissociated by Beadbud
machine to extract lipids. The extracted lipid samples were measured using
mass spectrometry after filtration. A standard curve was used to correlate the
area under the curve of the extracted ion chromatograms to a quantitative
amount of lipid.

Isolation of Protein Corona. Mouse plasma was centrifugated at 13,000 × g at
4 °C to remove protein aggregates before use. LNPs weremixed with an equal
volume of C57BL/6 mouse plasma to mimic the protein concentration in vivo
and incubated for 1 h at 37 °C under shaking (40). The protein corona–coated
LNPs were isolated by centrifugation at 13,000 × g for 30 min, followed by
washing with cold PBS three times to remove unbound proteins. The same
procedurewas performed for plasma aliquots without adding the LNPs to ver-
ify the absence of protein precipitation. All experiments were conducted
three times. The amount of protein in protein corona–coated LNPs was deter-
mined using a BCA assay kit (Thermo Fisher Scientific). The obtained protein
samples were further lyophilized and stored at�20 °C for further experiment.

Reduction, Alkylation, and Digestion of Proteins. The lyophilized protein sam-
ples were reconstituted to 1 mg/mL in M-PER Mammalian Protein Extraction
Reagent (Thermo Fisher Scientific). For each sample, 100 μg of protein was
reduced with 2.1 μL of 500 mM dithioerythritol, 99+% (Acros Organics) at
50 °C for 45 min. The samples were then alkylated with 11.5 μL of iodoaceta-
mide (Acros Organics) in the dark for 30 min at room temperature. The sam-
ples were then digested with trypsin/Lys-C Mix (Mass Spec Grade, Promega)
overnight at 37 °C at an enzyme/protein ratio of 1:50. The samples were then
stored at�20 °C until liquid chromatography–mass spectrometry analysis.

Mass Spectrometry. The resulting samples were further analyzed by electro-
spray liquid chromatography–tandem mass spectrometry using an Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific) coupled online to
an EASY-nLC 1200 (Thermo Fisher Scientific). Samples were run at a flow rate
of 300 nL/min using the following gradient: 0 to 4 min 0 to 5% B, 4 to 74 min
0 to 30% B, 74 to 79 min 30 to 90% B, 79 to 89 min 90% B, 89 to 94 min at 90
to 0% B, and 94 to 105 min 0% B for column re-equilibration. Mobile phase A
was 96.1:3.9 0.1% formic acid (FA) in water/0.1% FA in acetonitrile (ACN).
Mobile phase B was 80.0:20.0 0.1% FA in water/0.1% FA in ACN. The samples
were first desalted on a Thermo Fisher Scientific Acclaim PepMap 100 C18

HPLC column (3 μm particle size, 75 μm × 2 cm, 100 Å) before separation on a
Thermo Fisher Scientific PepMap RSLC C18 EASY-Spray Column (3 μm particle
size, 75 μm × 15 cm, 100 Å). The data were analyzed using the Proteome Dis-
coverer 2.1.0.81 software (Thermo Fisher Scientific). The datawere run against
the Mus musculus Uniprot FASTA file (modified 26 August 2020) to identify
the mouse proteins in the corona.

In Vitro mRNA Delivery. The TSC2-deficient TTJ cells were seeded in 48-well
plates with 1 × 104 cells per well. After 24-h incubation, cells were transfected
with EGFP mRNA by using LNPs (100 ng of mRNA per well) for 24 h. Lipofecta-
mine2k was used as a positive control. To measure the transfection efficiency,
cells were digested with trypsin, collected, and further evaluated the GFP
expression using flow cytometry (Attune NxT Cytometer; Thermo Fisher Scien-
tific). The percentage of EGFP-positive cells was calculated by Flowjo.

In Vitro Transcription of TSC2/Tsc2 mRNA. Full-length human TSC2 or mouse
Tsc2 gene was cloned into In Vitro Transcription Vector for mRNA (Vector-
Builder) driven by T7 promotor. Human TSC2 gene has an internal T7 termina-
tor, which was corrected by a synonymous mutation (G264C). Vectors were
digested using restriction endonuclease AscI (NEB, catalog no. R0558) accord-
ing to manufacturer’s protocol. Capped RNA was synthesized using mMES-
SAGE mMACHINE T7 Transcription Kit (Thermo Fisher Scientific, catalog no.
AM1344) according to the manufacturer’s protocol. Synthesized RNA was
purified by LiCl precipitation. RNA quality was assessed by Bioanalyzer.

In Vivo Treatment of TTJ Tumor with Tsc2 mRNA. C57BL/6 mice were tail vein
injected with 2 × 106 TSC2-deficient TTJ cells to form tumor nodules in the
lungs. On day 24 after tumor cell inoculation, mice were randomly assigned to
three groups: untreated control group, empty LNP treatment group, and Tsc2
mRNA–loaded LNP (dosage: 0.75 mg/kg of mRNA per injection) treatment
group. Mice were treated every other day for a total of five times. After treat-
ment, mice were killed, and lungs were collected for further morphological
and immunohistochemical analyses.

Data Availability. All study data are included in the article and/or SI Appendix.
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