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therapeutic delivery to bone remains a significant challenge due to

several biological barriers, such as low blood flow in bone, blood—bone
marrow barriers, and low affinity between drugs and bone minerals, &
which leads to unfavorable therapeutic dosages in the bone micro-
environment. Here, we construct a series of bisphosphonate (BP) lipid-
like materials possessing a high affinity for bone minerals, as a means to a5
overcome biological barriers to deliver mRNA therapeutics efficiently to mRNA-LNPs
the bone microenvironment in vivo. Following in vitro screening of BP

lipid-like materials formulated into LNPs, we identified a lead BP-LNP formulation, 490BP-C14, with enhanced mRNA expression
and localization in the bone microenvironment of mice in vivo compared to 490-C14 LNPs in the absence of BPs. Moreover, BP-
LNPs enhanced mRNA delivery and secretion of therapeutic bone morphogenetic protein-2 from the bone microenvironment upon
intravenous administration. These results demonstrate the potential of BP-LNPs for delivery to the bone microenvironment, which
could potentially be utilized for a range of mRNA therapeutic applications including regenerative medicine, protein replacement, and
gene editing therapies.

’;r"‘f‘ i f“r“," s

1. INTRODUCTION inflammatory molecules,””** anticancer agents,25’26 and
hormones.”” However, low delivery efficiency of these

The bone microenvironment is a distinct, highly dynamic ) ) ) ) R i
materials necessitates high dosing to achieve ideal therapeutic

region that consists of bone cells, cells of the hematopoietic

and immune systems, fibroblasts, stromal cells, and endothelial dosage at diseased sites and long-term bioavailability,
cells as well as extracellular matrix (ECM) with abundant increasing the incidence of severe side effects. These
growth and/or signaling factors.'™* These various cell types limitations suggest the need for efficient and safe therapeutic
and ECM proteins enable orchestrated bone remodeling,s'6 approaches for targeted drug delivery to the bone micro-
hematopoiesis,7’8 immune function regulation,g’10 and tissue environment.

regeneration.'”'> Recently, increased incidences of various One class of therapeutics that are of particular interest for
skeletal diseases and age-related bone abnormalities, including delivery to bone are nucleic acid therapeutics, which regulate
osteoporosis, osteoarthritis, osteomyelitis, and bone cancer, therapeutic gene expression within targeted sites to treat
have inspired the investigatioln of novel biomaterials for bone diseases by delivering exogenous nucleic acids, such as plasmid
microenvironment targeting. 3 However, various character- DNA (pDNA), small interfering RNA (siRNA), messenger

istics of the bone microenvironment, including reduced blood RNA (mRNA), and microRNA (miRNA) 28-32 Currently, the
flow and vascularization compared to other organs, the blood— ' '

bone marrow barrier, poorly perfused bone sections, highly
dense hierarchic structures, and low affinity between drugs and
bone minerals, create several challenges for successful delivery
of therapeutics into bone.'”'*'> Currently, organic/inorganic
15,16 17,18
nanocomposites and hydrogels have been developed
for targeted and local delivery of pharmacological-based
therapeutics such as antibiotics,"”*° growth factors,”"** anti-
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Figure 1. Rational design of BP lipid-like materials for mRNA delivery to the bone microenvironment in vivo. (a) Schematic illustration of lipid
nanoparticles (LNPs) containing BP lipid-like materials (BP-LNPs) to enable systemic delivery of mRNA to the bone microenvironment. LNPs
were prepared by combining four components (BP-lipid, DOPE, cholesterol, and C14PEG2000) into each formulation using a microfluidic mixing
device. After systemic delivery via intravenous injection, BP-LNPs coordinated with calcium ions (Ca**) in the bone microenvironment to enable
specific bone targeting. (b) Ex vivo luminescence and fluorescence imaging of bones (left to right: left leg, spine, and right leg) after delivery of
LNPs encapsulating luciferase-encoding mRNA, where LNPs are labeled with 1,1’-dioctadecyl-3,3,3’,3 -tetramethylindotricarbocyanine iodide
(DiR) at a concentration of 10 yg/mL. A luminescent signal is generated where luciferase mRNA is translated, and fluorescence indicates LNP
biodistribution by the DiR signal. (c) Representative cryogenic transmission electron microscopy (cryo-TEM) image showing the morphology of
BP-LNPs. Scale bar: 100 nm. (d) Hydrodynamic size distribution of a representative BP-LNP. LV. = intravenous.

most clinically advanced nonviral delivery vectors for RNA
therapeutics are lipid nanoparticles (LNPs), a four-component
formulation consisting of ionizable lipids, cholesterol,
phospholipids, and poly(ethylene glycol) (PEG)-conjugated
lipids, which are used in Alnylam Pharmaceutical’s siRNA
therapeutic ONPATTRO and the COVID-19 mRNA vaccines
produced by Pfizer/BioNTech and Moderna, respectively.** >
These nanocarriers are biocompatible, can be reproducibly
manufactured to encapsulate a range of nucleic acids, and have
physical characteristics suitable for various administration
routes. Recently, LNPs encapsulating siRNA were systemically
delivered to bone marrow cells to silence genes in nflammatory
monocytes and endothelial cells to selectively inhibit migration
of these cells and their progeny.’®”” Despite this encouraging
progress, passive diffusion of LNPs still makes them extremely
challenging to specifically deliver mRNA to the bone
microenvironment. Thus, there is a critical unmet need to
develop a targeted LNP technology for mRNA delivery to
bone. Previous studies have demonstrated that ligand
substitution is a promising approach for targeted mRNA
LNP therapeutic delivery;**~** for instance, Peer and co-

workers demonstrated that primary lymphocytes could be
robustly silenced by attaching a pan leukocyte selective
targeting ligand onto LNP formulations.*" Therefore, similar
approaches incorporating ligands with affinity for bone could
enhance LNP targeting and accumulation in the bone
microenvironment. Among various targeting ligancls,43‘44
bisphosphonates (BP), such as alendronate, are analogues of
inorganic pyrophosphate and can chelate strongly with the
calcium ion (Ca®*) of hydroxyapatite (HA), which is the main
inorganic component of bone, endowing bisphosphonates with
strong affinity and rapid adsorption to the bone surface.*~**
After administration of BP-LNPs, strong interactions between
the bone-targeting ligand on the LNP surface and HA could
improve retention and accumulation of LNPs in the bone
microenvironment.

Herein, we report the rational design and synthesis of a
series of BP-conjugated ionizable lipid-like materials and
formulate a library of BP-LNPs for ystemic delivery of
mRNA to the bone microenvironment (Figure 1a,b). A library
of 21 BP-functionalized ionizable lipids were investigated to
formulate a library of BP-LNPs with a narrow size distribution
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Figure 2. A combinatorial library of BP lipid-like materials for mRNA delivery. (a) Chemical structures of 7 alendronate-conjugated polyamine
cores (top) and 3 epoxide-terminated alkyl tails (bottom) for generating 21 BP lipids used in this study. BP-LNPs are named based on their BP-
conjugated ionizable lipid component consisting of a BP-functionalized polyamine core (110BP, 197BP, T3ABP, 200BP, 488BP, 490BP, and
494BP) and alkyl tail of varying hain lengths (C12, C14, and C16). (b) Hydrodynamic size and polydispersity index (PDI) of the 21 formulated
BP-LNPs. (c) Characterization of zeta potential and pK, for each BP-LNP formulation. Error bars represent SD.

(Figure 1c,d). Following an initial in vitro HeLa cell screening
with firefly luciferase-encoding mRNA, 490BP-C14 LNP was
identified as the lead formulation, which showed higher protein
expression (2.5-fold) compared to LNPs in the absence of BPs
(490-C14 LNP). These BP-functionalized LNPs not only
displayed higher affinity for both HA and bone surfaces in vitro
and ex vivo but also showed enhanced accumulation and
transfection efficiency in the bone microenvironment following
systemic administration in vivo (Figure 1b). Additionally,
490BP-C14 LNPs exhibited enhanced transfection and uptake
in a range of cell types in bone marrow, ranging from B cells, T
cells, monocytes, and granulocytes to endothelial cells.
Furthermore, BP-LNPs mediated the secretion of bone
morphogenetic protein-2 (BMP-2) in the bone microenviron-
ment (both on the bone surface and in the bone marrow)
following delivery of BMP-2 mRNA via intravenous injection,
demonstrating the therapeutic potential for future applications
in bone regeneration and fracture healing. Because of the facile
and versatile preparation of BP lipid-like materials, they can
potentially be applied toward a range of mRNA LNP bone
therapeutic applications including regenerative medicine,
protein replacement, and gene editing therapies.

2. RESULTS AND DISCUSSION

2.1. Rational Design and Synthesis of BP-Function-
alized lonizable Lipids and Incorporation into LNP
Formulations. To enable bone microenvironment targeting
of LNP formulations, a series of BP lipid-like materials
consisting of alendronate, a type of BP, were designed and
synthesized (Figure 2a and Scheme S1). First, alendronate
acrylamide was synthesized by reacting alendronate sodium
with N-acryloxysuccinimide (Scheme S1, Figures S1 and S2).
The sodium salt was removed under acidic environments."’
Then, alendronate acrylamide was conjugated onto amine
cores through a Michael addition reaction with a feeding molar
ratio of 1:5,”° yielding alendronate-bearing amine cores. These
structures were characterized by '"H NMR spectra and LC-MS
analysis (Figures S2—S9), demonstrating the obtained core
structures are not unique as each amine of the cores has the
potential to conjugate alendronate, but there should be only
one alendronate molecule featured on each core (Figure 2a).

Following synthesis of alendronate-bearing amine cores, a
library of 21 BP lipids were synthesized by reacting the
alendronate-bearing amine cores with epoxide-terminated alkyl
chains (Figure 2a and Figure $10).>"** These BP lipids were
then mixed with the phospholipid DOPE, cholesterol, lipid-
anchored poly(ethylene glycol) (C14PEG2000), and mRNA
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Figure 3. In vitro screening of BP-LNPs and their binding affinity to HA nanoparticles and bone fragments. (a) Luciferase expression in HeLa cells
after treatment with the BP-LNP library encapsulating Fluc mRNA. 5000 cells were incubated with LNPs at a mRNA dose of 10 ng/well. Results
were normalized to untreated cells. n = 3 biological replicates. (b) Quantitative evaluation of HA binding kinetics of 490BP-C14 LNPs and 490-
C14 LNPs in the absence of BPs (single emulsion). Error bars in (a) and (b) represent SEM. (c) Representative fluorescence images of bone
fragments before and after incubation with DiO solution (left), DiO-labeled 490-C14 LNPs (center), and DiO-labeled targeted 490BP-C14 LNPs
(right). All samples were washed with PBS before imaging. Bone fragments were acquired from mouse femurs. Scale bar: 200 ym.

via perfusion through a microfluidic mixing device that is
designed with herringbone features to induce chaotic
mixing.”*~>* The naming of LNP formulations represents
both the unique alendronate-conjugated amine core compo-
nent (labeled as 110BP, 197BP, T3ABP, 200BP, 488BP,
490BP, and 494BP) and the alkyl chain length (C12, C14, and
C16) (Figure 2a). In these LNPs, the ionizable lipid enables
cellular uptake and endosomal escape to deliver encapsulated
mRNA into the cytosol.’® DOPE and cholesterol enhance
LNP stability, improve mRNA encapsulation, and assist in
endosomal escape.””*® PEG lipid (C14PEG2000) promotes
overall LNP stability and prolongs LNP circulation in vivo.””
To demonstrate increased delivery to bone after the
introduction of alendronate molecules, another LNP library
without BP modification was formulated and used as a control
(Figure S11).

The resulting BP-LNPs were characterized to evaluate
particle size, polydispersity index (PDI), zeta potential, pK,
and mRNA encapsulation efficiency.”>* The hydrodynamic
diameter for all BP-LNP formulations ranged from 60.1 to
1242 nm by intensity measurements using dynamic light
scattering (DLS) (Figure 2b). Most BP-LNP formulations
(>80%) were highly monodisperse, with a PDI value less than
0.2 (Figure 2b). Owing to the incorporation of negatively
charged alendronate molecules, BP-LNPs had a negative zeta
potential (Figure 2¢).®’ The mRNA encapsulation efficiency of
BP-LNPs was assessed by a fluorescent RiboGreen assay,
where most efficiencies ranged from 60 to 90%, while some
LNPs containing BP lipid-like materials with a C16 alkyl chain
could not formulate stable mRNA LNPs due to their weak
solubility during formulation (Figure S12). Additionally, BP-
LNPs were evaluated for their pK,, which indicates the pH at

which BP-LNPs are 50% protonated (Figure 2c and Figure
S13). In previous studies, pK, values between 6 and 7 were
commonly reported for successful nucleic acid delivery as
LNPs can become protonated in acidic endosomes within this
range and can induce fusion with endosomal membranes to
release mRNA into the cytosol.”””®* pK, values of BP-LNP
formulations ranged from 5.18 to 7.35 (Figure 2c),
demonstrating that >70% of the LNPs were within the desired
range (pK, 6.0—7.0) for successful endosomal escape and
mRNA delivery. In addition, BP-LNPs exhibited high stability
when stored over time. There was no significant size change or
decrease in encapsulation efficiency when 490BP-C14 LNPs
were stored at 4 °C for 21 days (Figure S14a,b); additionally,
BP-LNPs maintained relatively high levels of in vitro
transfection (Figure S14c).

2.2, BP-LNP In Vitro Screening, In Vitro Binding with
Hydroxyapatite, and Ex Vivo Affinity to Bone. To
evaluate BP-LNPs for their ability to deliver mRNA, mRNA
encoding for luciferase was chosen as a reporter gene. Firefly
luciferase (FLuc) mRNA with N1-Methyl-PseudoU modifica-
tions was used for screening in vitro and in vivo.”>*® These
modifications have been shown to improve mRNA encapsu-
lation efficiency, reduce overall immunogenicity, and enhance
the potency of mRNA.*>%”%® Here, BP-LNP-mediated delivery
of FLuc mRNA was assessed in HeLa cells, a cell line utilized
for rapid in vitro screening of LNP formulations, for FLuc
expression and cell viability. After treatment with BP-LNPs for
24 h at a concentration of 10 ng/5000 cells, luciferase
expression was evaluated via luminescence measurements,
which were normalized to an untreated control group. These
results allowed for determination of structure—activity relation-
ships (SARs) with respect to epoxide-terminated alkyl tails and
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Figure 4. In vivo mRNA delivery and biodistribution of BP-LNPs to the bone microenvironment. (a) Schematic illustration of DiR-labeled LNPs
delivering mRNA to the bone of mice. Bone fragments were further dissected for quantifying the transfection and homing efficiency of BP-LNPs.
(b) IVIS imaging of FLuc mRNA delivery to mice by 490-C14 and 490BP-C14 LNPs. Bone fragments show high luminescence intensity after
490BP-C14 LNP treatment. n = 3 mice. (c) Left leg, spine, and right leg were dissected for luminescence imaging. (d) Total luminescence

quantification of the dissected left leg, spine, and right leg for 490-C14 LNP-

and 490BP-C14 LNP-treated mice. (e) In vivo biodistribution of DiR-

labeled LNPs, where the whole skeleton showed increased fluorescent signal following treatment by BP-LNPs. n = 3 mice. (f) Left leg, spine, and
right leg were dissected for fluorescence imaging. (g) Total fluorescence of the dissected left leg, spine, and right leg for 490-C14 LNP- and 490BP-
C14 LNP-treated mice. Statistical significance in (d) and (g) was calculated by using a Student’s  test with unpaired design. ****P < 0.0001; ***P

< 0.001; **P < 0.01. Error bars represent SEM.

alendronate-amine core chemical structures, where five BP-
LNPs resulted in similar or even higher luciferase expression
compared to a standard LNP formulation by using C12-200 as
the ionizable lipid (Figure 3a and Figure $15).°° All LNP
formulations demonstrated low cytotoxicity; three formula-
tions resulted in cell viabilities between 70% and 80%, while
the remaining LNP formulations resulted in cell viabilities
>80% (Figure S16). To further evaluate how BP affects the
ability of LNPs to deliver mRNA, a series of LNPs that did not
incorporate BPs were formulated as controls (Figures S11 and
S15). Among all of the LNP formulations examined in the
initial screening, 490BP-C14 LNP was identified as the top
formulation, as it demonstrated 2.5 times higher transfection

compared to 490-C14 LNPs in the absence of BPs (Figure
S17a). 490BP-C14 LNPs also demonstrated mRNA dose-
dependent transfection of HeLa cells, showing increased
luminescence intensity with increasing FLuc mRNA dosage
(Figure S17b). Therefore, we selected 490BP-C14 as the lead
LNP formulation to further evaluate its ability to target bone
for enhanced delivery of mRNA in vitro and in vivo.

To visualize the bone-binding efficiency of these BP-LNPs, a
DiO fluorescence molecule was incorporated into both BP-
LNPs and LNPs without BPs.”” As the bone microenviron-
ment is rich in HA, we first performed an HA binding assay
with 490BP-LNPs compared to 490-C14 LNPs that do not
contain BPs (Figure 3b). After incubation with HA nano-
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particles, 490BP-C14 LNPs showed fast and efficient binding
to HA (Figure 3b) because of the strong chelation of BPs on
the LNP surface with HA.>®”! After a 2 h incubation, HA
binding of BP-LNPs increased to 80%, significantly higher than
LNPs without BPs (10%). After this time course, the binding
efficiency plateaued with increased incubation time. The
affinity of BP-LNPs to HA in bone fragments was further
confirmed by fluorescence microscopy (Figure 3c). Minimal
fluorescence was detected on DiO-treated bone samples,
indicating low binding between free DiO molecules and the
bone surface. After treatment with DiO-labeled 490-C14
LNPs, a very weak fluorescence signal was generated, which
may result from passive accumulation of LNPs on the bone
surface. This weak fluorescence signal could be improved by
increasing the DiO concentration in 490-C14 LNPs. However,
490BP-C14 LNPs exhibited the strongest binding affinity to
bone fragments, implying that the incorporation of BPs enables
LNP targeting to bone. These results demonstrate the impact
of the design of our targeted BP-LNPs in bone mineral binding
and the differential binding of targeted BP-LNPs that
facilitated the following in vivo studies.

2.3. In Vivo Transfection and Biodistribution Studies
of BP-LNPs. Following confirmation of the in vitro and ex vivo
bone-targeting ability of BP-conjugated LNPs, in vivo trans-
fection and biodistribution studies were used to investigate the
bone-homing ability of BP-LNPs by using C57BL/6J mice
following intravenous injection of 0.5 mg/kg FLuc mRNA.
Fluorescent DiR was used to track LNP biodistribution by
using an in vivo imaging system (IVIS) (Figure 4a). After 12 h,
functional delivery of FLuc mRNA was observed in the liver
and bones (Figure 4b—d and Figure S18). The luminescent
intensity of the hind limbs was significantly higher following
delivery of BP-LNPs (Figure 4b). Bones from the hind limbs,
spines (Figure 4c), and fore limbs (Figure S19) of mice were
dissected to evaluate luminescent intensity by quantifying
radiance efficiency, where LNPs without BPs showed very low
transfection in the dissected bones. While BP-LNPs transfected
cells on bone surfaces weakly in the fore limbs and spine, they
exhibited strong transfection in the hind limbs such as the
femur and tibia (Figure 4d). The mean transfection efficiency
of the left leg, spine, and right leg increased 3.7-, 1.8-, and 3.7-
fold, respectively, with BP-LNPs compared to LNPs without
BPs. The biodistribution of BP-LNPs was then investigated
(Figure 4e—g). While LNPs without BPs mainly accumulated
in the liver, BP-LNP biodistribution was more widespread in
the liver, spleen and bone-dense regions (Figure 4e). By
observation of the biodistribution of BP-LNPs over time, the
fluorescence intensity of the whole body of mice increased,
implying the adsorption of BP-LNPs during circulation (Figure
$20).”" For further examination of bone targeting, dissected
legs and spine were evaluated by quantifying the fluorescent
intensity (Figure 4f). All BP-LNP-treated bone samples
exhibited significantly increased fluorescence (Figure 4g),
with approximately 2.5-, 4.5-, and 2.4-fold increase in the left
leg, spine, and right leg, respectively, compared to LNPs
without BPs. Although we observed significantly higher
490BP-C14 LNP accumulation in the spine, we observed no
detrimental off-target effects based on hematoxylin and eosin
(H&E) staining (Figure S21). Thus, in vivo transfection and
biodistribution studies complement the in vitro and ex vivo
high bone binding efficiency of BP-LNPs, highlighting their
potential for bone-targeted mRNA delivery.

2.4. In Vivo BP-LNP Transfection and Distribution of
Diverse Cell Types in Bone and Bone Marrow. Having
established that 490BP-C14 LNPs can increase mRNA delivery
to the bone microenvironment, we then performed immunos-
taining analysis to evaluate delivery to anatomical regions in
the bone microenvironment. To demonstrate this, 490BP-C14
LNP formulated with mRNA encoding for enhanced green
fluorescent protein (EGFP) was administered into mice. We
then performed paraffin section analysis to assess EGFP
transfection in the metaphysis, central marrow, and endosteum
of femurs (Figure 5). We demonstrated that (1) the EGFP

Central marrow .

Figure S. Representative images of EGFP expression in the femur
after administration of 490BP-C14 LNPs encapsulating EGFP mRNA
to the bone microenvironment by intravenous injection. The bone
femur was dissected 12 h post injection. DAPI was used for nuclear
staining. The mRNA dosage was 0.5 mg/kg. EGFP expression was
detected in the bone marrow, especially in the endosteum, rather than
on the bone surface.

signal was detected in metaphyseal bone marrow near the
trabecular bone surface [magnification of bone part (i), Figure
5], (2) the EGFP signal was widely distributed in the central
marrow [magnification of bone part (ii), Figure S], and (3)
EGFP transfection was observed in endosteal bone marrow
near the bone surface [magnification of bone part (iii), Figure
S]. These observations indicate that cells in the bone marrow,
especially endosteal cells, can be transfected, rather than the
cells on the bone surface.

Because bone marrow is the primary hematopoietic organ
and a residence site of diverse cell types,”*'* we then evaluated
the targeting of specific cell types in bone marrow. To
demonstrate this, EGFP-encoding mRNA was administered
into mice, and flow cytometry was performed on cells isolated
from bone marrow to identify transfection of different cell
types. Specifically, DiR-labeled 490BP-C14 LNPs encapsulat-
ing EGFP mRNA were formulated and administered intra-
venously at 0.5 mg/kg alongside PBS and 490-C14 LNP
control groups. After 12 h, mice were sacrificed, bone marrow
was isolated, red blood cells were lysed, and the remaining cells
were analyzed using flow cytometry. Flow cytometry analysis
was conducted on diverse cell populations: monocytic lineage
(CD11b"), B cell lineage (CD45R/B220"), T cells (CD3"),
monocytes (Ly6c*), endothelial cells (CD31%), granulocytes
(Ly6G*), B cells (CD19*), and hematopoietic stem cells
(HSCs, stem cell antigen-1, SCA-1*) (Figure 6 and Figure
$22). Compared to the 490-C14 LNP treatment group, EGFP

https://doi.org/10.1021/jacs.2c02706
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02706/suppl_file/ja2c02706_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02706?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(a

~

T cells

Monocytic lineage

B cell lineage

Monocytes

(b) [0 490-C14 LNP

[E 490BP-C14 LNP

— > CDl1b
— > CD45R

490-C14 LNP
—» CD3

— > GFP

% o [~
2 3 5 g
X O O O
9
A
g
— > GFP
© T cells Monocytic lineage B cell lineage

— > CDI11b
— > CD45R

490-C14 LNP
— > CD3

— > DiR

— > CD45R

— > CDl11b

490BP-C14 LNP
— > CD3

— > DiR

1.5

1.0

— > Lyé6c

EGEP* cell (%)

——» Ly6c

Monocytes  (d)

[ 490BP-C14 LNP

490-C14 LNP
35 sk

Aokk

[
1

——» Ly6e

Akkk

DiR+ cell (%)
1

Figure 6. Bone and bone marrow cell transfection and distribution following mRNA delivery using BP-LNPs. (a) Gating for EGFP mRNA
transfection in different cell types by 490-C14 and 490BP-C14 LNPs. T cells, monocytic lineage, B cell lineage, and monocytes were labeled by
their corresponding markers. (b) Different EGFP* cell populations following treatment with LNPs that incorporate (490BP-C14) or do not
incorporate (490-C14) bone-targeting BPs. (c) Gating for DiR fluorescence in different cell types treated with 490-C14 and 490BP-C14 LNPs. T
cells, monocytic lineage, B cell lineage, and monocytes were labeled by their corresponding markers. (d) Different DiR" cell populations following
treatment with DiR-loaded LNPs. n = 3 mice. Statistical significance in (b) and (d) was calculated by using a Student’s ¢ test with unpaired design.

*HEEED < 0.0001; #*¥P < 0.001; **P < 0.01. Error bars represent SEM.

transfection efficiency was enhanced in T cells, monocytic
lineage cells, and B lineage cells as well as a small increase in B
cells, endothelial cells, granulocytes, and HSCs following
delivery of BP-LNPs (Figure 6a,b and Figure $22).
Interestingly, 490BP-C14 LNPs exhibited over 4-fold higher
transfection efficiency to monocytes than 490-C14 LNPs
(Figure $23).>**’ Similarly, 490BP-C14 LNPs exhibited
slightly higher EGFP transfection in HSCs than 490-Cl14
LNPs.”” In addition to quantification of mRNA functional
delivery, LNP biodistribution to bone marrow cells was
investigated. BP-LNPs had increased accumulation in diverse
cell types, such as T cells, monocytic lineage cells, B lineage
cells, and monocytes compared to LNPs without BPs (Figure
6¢,d). This increased accumulation was in agreement with the
results from EGFP transfection efficiency (Figure S23), where
BP-LNP accumulation in monocytes increased over 10-fold
compared with LNPs without BPs. Differing from the
populations of EGFP" cells, endothelial cells exhibited the
highest BP-LNP uptake ability, likely because a portion of BP-
LNPs could not pass through the blood—bone barrier after
intravenous administration (Figure $22).”

2.5. BMP-2 Secretion after Delivery of BMP-2 mRNA
to the Bone Microenvironment Using BP-LNPs. Having
established BP-LNPs for enhanced systemic delivery of mRNA
to the bone microenvironment, we then evaluated the delivery

potential of mRNA encoding functional BMP-2. BMP-2 is a
multifunctional growth factor belonging to the transforming
growth factor-beta (TGEF-f) superfamily, which plays an
important role in the process of bone induction that stimulates
osteogenic differentiation.”*”* Therefore, increased expression
of BMP-2 in the bone microenvironment may lead to new
opportunities for a variety of therapeutic interventions, such as
bone defects, nonunion fractures, osteoporosis treatment, and
root canal therapy."*® After BP-LNPs incorporating mRNA
encoding for BMP-2 were delivered by intravenous injection,
BMP-2 levels on the bone surface and in the bone marrow
were quantified (Figure 7a). It was noted that BMP-2 is
normally secreted in the bone microenvironment, and thus we
also observed BMP-2 secretion both on the bone surface
(Figure 7b) and in the bone marrow (Figure 7c) from the
PBS-treated control group. Although LNPs without BPs could
increase BMP-2 secretion in the bone microenvironment to
some extent, BP-LNPs significantly increased BMP-2 ex-
pression (Figure 7b,c). Furthermore, BMP-2 levels in the bone
microenvironment increased with increasing BMP-2 mRNA
dosage (Figure 7b,c), which were as high as 2.3 and 5.3 pg/mg
on the bone surface and in the bone marrow, respectively, at a
mRNA dosage of 1.5 mg/kg, demonstrating potential for bone
regeneration and fracture healing.
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Figure 7. BMP-2 protein secretion in the bone microenvironment
following delivery of BP-LNPs encapsulating mRNA encoding for
BMP-2 via intravenous injection. (a) Schematic illustration of LNPs
delivering BMP-2 mRNA to the bone of mice. Bone fragments were
dissected to quantify the secretion of BMP-2 on the bone surface and
in the bone marrow. (b) BMP-2 secretion from the bone surface
following BP-LNP mRNA delivery. BMP-2 was extracted from the
bone surface by incubating bone samples with 4 M guanidine
hydrochloride overnight. (c) BMP-2 secretion in bone marrow with
increased BMP-2 mRNA dosing. BMP-2 was extracted from bone
marrow. n = 3 mice. Statistical significance in (b) and (c) was
calculated using a Student’s t test with unpaired design. *** P <
0.001; **P < 0.01; *P < 0.0S. Error bars represent SEM.

To further characterize BMP-2 expression, whole tibia bones
from mice were then dissected for immunofluorescence (IF)
analysis. Compared to low BMP-2 expression in mice treated
by PBS (Figure 8a), 490-C14 LNP delivering BMP-2 mRNA
demonstrated relatively higher BMP-2 expression on both the
trabecular and cortical bone surfaces (Figure 8b). In addition,
490BP-C14 LNPs delivering BMP-2 mRNA demonstrated
significantly higher BMP-2 expression in the metaphyseal and
endosteal marrow (Figure 8c). Representative BMP-2
expression regions, such as the growth plate, primary
spongiosa, metaphyseal bone marrow (Figure 8, parts al, bl,
and cl), and endosteal region (Figure 8, parts a2, b2, and c2)
of the medial anterior tibia were chosen to show the targeted
delivery and expression of BMP-2. As shown in the magnified
regions (Figure 8), the increase in BMP-2 expression in the
metaphyseal and endosteal bone marrow for the 490BP-C14
LNP group illustrates the importance of BP lipid-like materials
for mRNA delivery to bone and a potential disease treatment
strategy based on BMP-2 expression. However, it is still
difficult to characterize the cell populations which express
BMP-2 because of (1) the diverse and complex cell
populations in bone marrow and (2) the secretion of BMP-2
protein that may influence their internal distribution. To
investigate whether proper signaling pathways are activated
after BMP-2 mRNA delivery, we performed IF staining of
Smad1/5 which is phosphorylated during BMP-2 expression. A
noticeable increase in phosphorylated Smadl/S was detected
in cells on the trabecular bone surface (Figure S24a), on the
cortical bone surface (Figure S24b), and in bone marrow
(Figure S24ab) after 490BP-C14 LNP delivery of BMP-2

Figure 8. Representative immunofluorescence images of BMP-2
expression in the tibia bones of mice. (a) Tibia bone from PBS-
treated mice. (b) Tibia bone was dissected from mice treated with
490-C14 LNPs delivering BMP-2 mRNA. (c) Tibia bone was
dissected from mice treated with 490BP-C14 LNPs delivering BMP-2
mRNA. The magnified regions represent BMP-2 expression. Scale
bar: 500 ym. DAPI (blue) was used for nuclear staining, and BMP2
expression is shown in green.

mRNA, indicating efficient BMP-2 mRNA delivery to the bone
microenvironment and subsequent signaling pathway activa-
tion.

Additionally, normal liver function (assessed by aspartate
aminotransferase [AST] and alanine aminotransferase [ALT]
activities) was shown in mice treated with BP-LNPs,
demonstrating that BP-LNPs did not cause notable toxicity
in vivo (Figure S2S5). To further evaluate the safety of BP-
LNPs, H&E staining was conducted and indicated no toxicity
to bone femurs (Figure S26).

Bisphosphonate (BP) and BP derivatives have been used as
targeting ligands for bone microenvironment-targeted delivery
of therapeutic cargoes such as HER-2 targeting Trastuzumab
antibody, BMP-2 growth factor, calcium phosphate—DNA
plasmid, and parathyroid hormone for disease treatments.”®”"
Unlike traditional gene delivery of DNA, which needs first to
translocate to the nucleus of the cell before expression, mMRNA
can almost immediately be translated into its cognate proteins
after delivery to cells without any risk of insertional
mutagenesis or genetic damage. Very recently, De La Vega
and co-workers used chemically modified mRNA encoding
BMP-2 for efficient healing of large osseous segmental defects,
providing an innovative and potentially translatable technology
for bone healing application.”® Although these studies made
drastic improvements for bone targeting applications, efficient
and specific delivery of mRNA to the bone microenvironment
still remains a challenge. Thus, we report these BP lipid-like
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materials, which incorporate bone-targeting moieties (bi-
sphosphonates) with the most clinically advanced nonviral
delivery vectors (LNPs) for therapeutic mRNA delivery. At
this site, bisphosphonate could enhance the affinity of the
delivery vector to the bone microenvironment, and LNPs
could enable mRNA delivery to specific cell types. Our
platform demonstrates significant potential for mRNA delivery
to diverse cell types in the bone microenvironment with high
efficacy and low toxicity. The high accumulation of BP lipid-
like materials on bone and the resulting effective secretion of
BMP-2 protein in the bone microenvironment provide great
potential of mRNA-LNPs therapeutics for bone defect healing.

3. CONCLUSIONS

In summary, we developed a facile and versatile approach to
engineer a library of BP lipid-like materials that can be
formulated into LNPs (BP-LNPs) for systemic delivery of
mRNA to the bone microenvironment. The bone-targeting BP
ligand alendronate can be easily conjugated onto amine cores
to construct a series of novel BP lipid-like materials, which can
then form stable bone-homing LNPs when combined with
DOPE, cholesterol, and C14-PEG2000 through microfluidic
mixing. After an initial assessment from in vitro screening,
490BP-C14 LNP was identified as the lead formulation in this
library. Compared to LNPs that did not incorporate BP-lipids,
490BP-C14 LNPs showed increased higher hydroxyapatite
binding in vitro and affinity for bone fragments ex vivo.
Following systemic delivery, LNP homing and mRNA
transfection in the bone microenvironment significantly
increased with LNPs incorporating BP lipid-like materials. In
addition, 490BP-C14 LNPs showed increased transfection
efficiency in diverse cell types in the bone marrow, especially
monocytes (4-fold increase compared to LNP without BPs).
BMP-2 secretion on the bone surface and in the bone marrow
significantly increased after systemic BMP-2 mRNA delivery by
490BP-C14 LNPs. The incorporation of BP lipid-like materials
into LNPs demonstrates their potential in targeted mRNA
delivery to bone, which can have applications in regenerative
medicine, protein replacement, and gene editing therapies for
bone and bone marrow. We envision that this generalizable
approach to engineer targeted LNPs for enhanced site-specific
targeting described here can be expanded to a wealth of
additional lipid-like materials in the future to open new
avenues for targeted mRNA therapeutics.
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