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ABSTRACT: Lipid nanoparticles (LNPs) have emerged as inje'}‘;{-ion
pivotal vehicles for messenger RNA (mRNA) delivery to %
hepatocytes upon systemic administration and to antigen- “attitiom, /“
presenting cells following intramuscular injection. However, Comb-iike polymers P 2E

achieving systemic mRNA delivery to non-hepatocytes remains inspiration find i

challenging without the incorporation of targeting ligands such as design L oA ‘:..'.'

antibodies, peptides, or small molecules. Inspired by comb-like
polymeric architecture, here we utilized a multiarm-assisted design
to construct a library of 270 dendron-like degradable ionizable
lipids by altering the structures of amine heads and multiarmed
tails for optimal mRNA delivery. Following in vitro high-
throughput screening, a series of top-dendron-like LNPs with
high transfection efficacy were identified. These dendron-like ionizable lipids facilitated greater mRNA delivery to the spleen in vivo
compared to ionizable lipid analogs lacking dendron-like structure. Proteomic analysis of corona-LNP pellets showed enhancement
of key protein clusters, suggesting potential endogenous targeting to the spleen. A lead dendron-like LNP formulation, 18—2—9b2,
was further used to encapsulate Cre mRNA and demonstrated excellent genome modification in splenic macrophages,
outperforming a spleen-tropic MC3/18PA LNP in the Ail4 mice model. Moreover, 18—2—9b2 LNP encapsulating therapeutic BTB
domain and CNC homologue 1 (BACH1) mRNA exhibited proficient BACH1 expression and subsequent Spic downregulation in
splenic red pulp macrophages (RPM) in a Spic-GFP transgene model upon intravenous administration. These results underscore the
potential of dendron-like LNPs to facilitate mRNA delivery to splenic macrophages, potentially opening avenues for a range of
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mRNA-LNP therapeutic applications, including regenerative medicine, protein replacement, and gene editing therapies.

1. INTRODUCTION

Messenger RNA (mRNA)-based therapies have revolutionized
treatments across a wide range of applications including
vaccination, protein replacement therapy, cancer immunother-
apy, and gene editing.' > Among non-viral delivery systems,
lipid nanoparticles (LNPs), comprised of an ionizable lipid,
phospholipid, cholesterol, and poly(ethylene glycol) (PEG)
lipid, have emerged as a promising platform for mRNA
delivery.”~® Recently, the U.S. Food and Drug Administration
(FDA) approved two COVID-19 mRNA vaccines delivered by
LNPs to combat the global COVID-19 pandemic.'’”"
Simultaneously, LNP-mediated CRISPR-based gene therapies
have showcased robust gene editing capabilities in clinical
trials.'>"® Within LNPs, the ionizable lipid plays a critical role
in targetin% specific tissues or cells and facilitating efficient
translation. *™*' Despite these advancements, the discontin-
uous vasculature of hepatic sinusoids results in preferential
accumulation of mRINA-LNPs in the liver, confining transgene
expression primarily to hepatic cells following systemic
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administration.””>*® Therefore, there is a need to develop
next-generation ionizable lipids capable of targeting extra-
hepatic tissues for enhanced mRNA delivery.

The spleen is an immune cell-enriched tissue that plays a key
role in maintaining the integrity of the blood, supporting the
immune system, and contributing to hematopoiesis.”*”*
Various strategies have been explored to facilitate the delivery
of mRNA-LNP to the spleen. One approach involves the
incorporation of active targeting ligands, including proteins
27-29

and peptides.

However, a limitation of this strategy is that
active targeting often requires a multi-step manufacturing for

Received: July 27, 2024
Revised: ~ September 20, 2024
Accepted: September 24, 2024
Published: January 1, 2025

https://doi.org/10.1021/jacs.4c10265
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Lulu+Xue%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Xinhong+Xiong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Gan+Zhao%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22William+Molina-Arocho%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Rohan+Palanki%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Zebin+Xiao%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Xuexiang+Han%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Xuexiang+Han%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Il-Chul+Yoon%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Christian+G.+Figueroa-Espada%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Junchao+Xu%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ningqiang+Gong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Qiangqiang+Shi%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Qiangqiang+Shi%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Qinyuan+Chen%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Mohamad-Gabriel+Alameh%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Andrew+E.+Vaughan%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Malay+Haldar%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Karin+Wang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Karin+Wang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Drew+Weissman%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Michael+J.+Mitchell%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c10265&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10265?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10265?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10265?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10265?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10265?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c10265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

(a) (c)
Dendron-like lipid
Comb-like polymers Helper lipid
(Inspiration Cholesterol
‘,: B
/&/
@ PEG-lipid
Dendron-like degradable Q‘%g% Dendron-like LNP
ionizable lipids mRNA Spleen-tropism
(b)
Amine heads Multiarmed degradable tails
NH. /\ /\ NH _>:° _>:° _>:°
HO "2 SN NTNNH, 0 N T2 o o I o d OTKK/\/
; , X : COTW 3 :01/\/\/\ >< oy\/\/
\[(\/\/ Y\/\/\ )
i N N N-NH SN o ©
Yy, 2 | 5 A-D-5 A-D-6 A-D-6b
H H :>:° :>=o :>:o
IONTTONH, S SN U N DC"\I(V\/\/ DCOM °:><:°
7 S8 "o O\T(\/\/\/ °$H\AA 0%
o o o
n H | A-D-7 A-D-7b A-D-7b2
SONSN AN~ = = =
H,N NH, s o o
e 14 } OY\AA/\ } UMN_DZ O\H/\/\/\/\/
H H N/\/\N/\/\NH OY\AA/\ ONN \n/\/\/\/\/
SN ? | 2 o o o
" 15 A-D-8 A-D-8b A-D-9
H = = =
C\N/\/NHZ HzN/\/N\/\N/_\N/\/NH2 _o>:o ONM _C>:0 OW\/\/LV _>:° TKC\/\
s o o
12 16 Xo WOK\)\/\A Xo NN XO %(\M
HN
NH H © © o
Q/\/ : /\OLN\/\N/_\N o_- A-D-9b A-D-9b2 A-D-9b3
| / /\[
13 17 NH, 10 10 ﬂ:o
o 0. oS o} 0. o 0.
H.N n /\ o :><o ° § :><:° o :><:o o
NN \/\N\_/N/\/ V\NHZ \g/\/\/\/\/ M W
18 A-D-9v A-D-10 A-D-11

Figure 1. Multiarm-assisted design of dendron-like LNPs for mRNA delivery. (a) Comb-architecture polymer inspires the design of dendron-like

degradable ionizable lipids. (b) Chemical structures of 18 amine cores (

left) and 15 multiarmed degradable alkyl tails (right) for generating 270

dendron-like ionizable lipids used in this study. (c) Dendron-like LNPs were formulated via a microfluidic mixing device with dendron-like lipids,
helper lipid, cholesterol, and PEG-lipid. The resulting dendron-like LNPs facilitate in vivo mRNA delivery to the spleen. 1.V, intravenous.

LNP formulations, leading to poor reproducibility and
translatability. Another approach includes the incorporation
of anionic molecules as a fifth component into the standard
four-component LNPs, such as 1,2-dioleoyl-sn-glycero-3-
phosphate (18PA) and fatty acids, or as postmodification
moieties within cationic polymer design.””***°~** However,
the complex synthesis process of certain anionic lipids and the
high negatively charge of the resulting LNPs limit the clinical
application of spleen-selective mRNA-LNPs. Therefore, the
development of ionizable lipids with intrinsic spleen tropism
can enable simple and effective mRNA delivery to the
spleen.”*™*

Herein, we designed and synthesized a series of dendron-like

degradable ionizable lipids and formulated a library of

dendron-like LNPs to facilitate systemic delivery of mRNA
to the spleen (Figure la). Initially, various acrylate-based tails
were synthesized through a multiarm-assisted design and
subsequently reacted with diverse amine cores to generate a
library of 270 dendron-like ionizable lipids (Figure 1b).
Following high-throughput in vitro screening in HeLa cells
with firefly luciferase (FLuc)-encoding mRNA, several
dendron-like LNPs exhibited superior protein expression
compared to a gold standard LNP formulation. These top-
performing dendron-like LNPs were further tested in vivo,
demonstrating robust mRNA delivery to the spleen, in
comparison with a counterpart lipid library lacking the
dendron-like structure. A subsequent proteomic analysis of
spleen-tropic 18—2—9b2 and MC3/18PA LNPs, as well as the
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Figure 2. Structure—activity relationship (SAR) of dendron-like LNPs for FLuc mRNA delivery in vitro. (a) Dendron-like LNP formulation
parameters. Dendron-like LNPs were formulated with one of 270 dendron-like lipids, DOPE, cholesterol, and C14PEG2K at a molar ratio of
35:16:46.5:2.5, respectively, for a total of 270 LNP formulations. (b) Representative cryogenic transmission electron microscopy (cryo-TEM)
image of a dendron-like LNP morphology. Scale bar: S0 nm. (c) Representative hydrodynamic size of dendron-like LNP measured by DLS. (d)
Heatmap of luciferase expression following treatment of HeLa cells with dendron-like LNPs (10 ng luciferase mRNA, n = 3 replicates). Relative
luminescence unit (RLU) values of >200 were calculated as hits for hit rate calculation. (e) Relative hit rate of dendron-like LNPs with different
secondary amine numbers. (f) Relative hit rate of dendron-like LNPs with different tail lengths. (g) Relative hit rate of dendron-like LNPs with
different tail substitution numbers. (h) Relative hit rate of dendron-like LNPs with different tail architectures.

liver-tropic MC3 LNP, showed a significant difference in
protein clusters. Notably, an enhanced Cluster 2 in 18—2—9b2
LNP-treated samples indicated endogenous spleen-targeting
potential, with highly enriched markers such as Abcb6, Itga2,
Itga2b, and Itgb2. Furthermore, reduced adsorption of
apolipoprotein E (ApoE) and vitronectin (Vtn) in Cluster 1
from the pellet could potentially reduce the targeted delivery to
the liver and lungs. Moreover, the lead dendron-like LNP, 18—
2—9b2, encapsulating Cre mRNA demonstrated selective and
effective genome modification of splenic macrophages,
including red pulp macrophage (RPM) and marginal metal-

lophilic macrophage (MMM), surpassing the performance of
the spleen-tropic MC3/18PA formulation. Additionally, 18—
2—9b2 encapsulating BTB domain and CNC homologue 1
(BACH1) mRNA exhibited robust BACHI expression in
RPM, resulting in the downregulation of Spic-GFP expression
in a Spic-GFP transgene model. This study serves as a proof-of-
concept demonstration of selective mRNA delivery to the
spleen using a dendron-like architectural design of ionizable
lipids. These results underscore the significance of structural
evolution in developing novel ionizable lipids for organ-specific
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Figure 3. Dendron-like LNP-mediated in vivo delivery of mRNA to the spleen. (a) In vivo evaluation of 14 dendron-like LNPs encapsulating FLuc
mRNA (dose: 0.1 mg/kg). Representative bioluminescence IVIS images of main organs taken 12h after systemic administration of dendron-like
LNPs to CS7BL/6] mice. H: heart; Li: liver; S: spleen; Lu: lungs; K: kidneys. (b) Quantified luciferase mRNA expression in the spleen from (a). (c,
d) Spleen-targeting specificity was evaluated by calculating the relative luciferase expression of the spleen/liver (C) and spleen/lungs (d). (n =3
mice) (e)—(h) Spleen-tropic hit rate calculation. Hits were defined as LNPs that enabled luminescence intensity greater than 1 X 10° p/s (total
flux). Hit rate by amine number (e), tail length (f), tail substitution number (g), and tail morphologies (h).

delivery of mRNA for protein replacement therapy and gene
editing applications.

2. RESULTS AND DISCUSSION

2.1. Multiarm-Assisted Design of Dendron-like De-
gradable Lipids. Comb-like polymers featuring densely
grafted chains and tunable attributes, such as composition,
shape, stiffness, and surface properties, have emerged as
promising platforms for biomedical research, drug delivery, and
diagnostic applications.””~** Notably, comb-architecture poly-
mers have been increasingly utilized as effective vectors for
RNA interference therapy, vaccination, and cancer ther-
apy.”™* This architecture has previously been shown to
direct delivery of genetic cargoes to the spleen using polymer
systems’”; however, the development of dendron-like struc-

tured ionizable lipids for nucleic acid delivery to the spleen
remains challenging. This motivated us to explore a multi-
armed and densely structured tail for incorporation into the
ionizable lipid design. Initially, a series of multiarmed acrylate-
based tails were synthesized through a two-step nucleophilic
acyl substitution (Schemes S1 and S2). The reaction can occur
under mild conditions with high yields (Figures S1—S16).
Then, these multiarmed acrylate-based tails were reacted with
various amine cores through a Michael addition reaction,
yielding a library of 270 dendron-like degradable ionizable
lipids.*>*

The resulting dendron-like lipid library with varying amine
core structures, tail architectures, and tail substitution numbers
were noted as X—2—Y, where “X” indicates the order of amine
cores in this study and “2—Y” represents multiarmed
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degradable tails (“2” represents that there are 2 alkyl chains in
each tail; “Y” represents the carbon number on each alkyl
chain). These dendron-like lipids can be mixed with
phospholipid, cholesterol, lipid-anchored polyethylene glycol,
and mRNA using a microfluidic mixing device to generate
LNPs with distinct physiochemical properties (Figure
1c)."**®* This combinatorial dendron-like ionizable lipid
library extends the chemical diversity of ionizable lipids for
nucleic acid delivery applications.

2.2. Structure—Activity Relationship (SAR) of Den-
dron-like LNP for FLuc mRNA Delivery In Vitro. We
subsequently explored the structure—activity relationship
(SAR) of dendron-like ionizable lipids for mRNA delivery in
vitro. Dendron-like LNPs encapsulating FLuc mRNA were
used to transfect HeLa cells, a cell line shown to be conducive
to high-throughput in vitro screening of LNP formulations in
previous studies.*>*”** Dendron-like LNPs were formulated
by mixing an ethanol phase containing dendron-like lipids,
DOPE, cholesterol, and C14PEG2K (35:16:46.5:2.5, molar
ratio) and an aqueous phase containing FLuc mRNA via a
microfluidic mixing approach (Figure 2a). Dendron-like LNPs
were characterized by particle size, polydispersity index (PDI),
zeta potential, and mRNA encapsulation efficiency.'**® The
hydrodynamic diameter for all dendron-like LNP formulations
ranged from 70 to 150 nm, as determined by intensity
measurements using dynamic light scattering (DLS) (Tables
S1—S3). Cryo-transmission electron microscopy (cryo-TEM)
showed a uniform solid core morphology in a representative
dendron-like LNP (Figure 2b,c). The majority of dendron-like
LNP formulations (>80%) exhibited high monodispersity, with
a PDI value less than 0.2 (Tables S1—S3). Additionally,
dendron-like LNPs displayed a relatively negative surface zeta
potential and high mRNA encapsulation efficiency (Tables
S1-S3).

Following high-throughput in vitro screening in HeLa cells,
a heat map illustrating dendron-like lipid-mediated mRNA
delivery efficacy was generated (Figure 2d). To elucidate how
structural parameters influenced mRNA delivery, the relative
hit rate, defined as the value of the relative luminescence unit
(RLU) greater than 200, was assessed. The amine number of
each dendron-like lipid that influenced mRNA delivery efficacy
was first investigated. Our data indicate that dendron-like lipids
with five secondary amines per lipid exhibited the highest
mRNA transfection with a hit rate of 12.6% across the entire
library (Figure 2e). Notably, a higher number of secondary
amine heads (>2) have been shown previously to facilitate
endosomal escape of mRNA, leading to enhanced delivery
efficacy.”>> Additionally, tail length and tail substitution
numbers have been shown to influence mRNA delivery.’*>*
Among dendron-like lipids, a tail length of 9 and tail
substitution number of 10 resulted in the highest relative hit
rate (Figure 2f,g). Moreover, dendron-like lipids with branched
architectures demonstrated superior mRNA delivery compared
to linear and unsaturated counterparts (Figure 2h), aligning
with prior studies indicating that branched tails may enhance
stability and fusogenicity for mRNA delivery.”*>> All dendron-
like LNPs exhibited minimal toxicity in vitro (Figure S17).
Interestingly, 14 dendron-like LNP formulations in this library
outperformed the gold standard MC3 LNP in vitro (Figures 2d
and S18). Thus, these 14 dendron-like LNP formulations were
selected for subsequent investigation in vivo.

2.3. Dendron-like LNPs Facilitate In Vivo mRNA
Delivery to the Spleen. Fourteen dendron-like LNPs were

assessed for in vivo mRNA delivery in CS37BL/6J mice
following systemic administration of 0.1 mg/kg FLuc mRNA.
After 12 h, mice were scarified, and organs (heart, liver, spleen,
lungs, and kidneys) were isolated to quantify luciferase
expression using an in vivo imaging system (IVIS) (Figure
3a,b). Notably, these dendron-like LNPs exhibited variable
mRNA delivery to the spleen. To assess spleen-targeting
specificity, the average luciferase expression of spleen/liver and
spleen/lungs of the above dendron-like LNPs was calculated
based on the IVIS data (Figure 3c,d). It was found that 13 out
of these 14 dendron-like LNPs exhibited higher luciferase
expression in the spleen compared to the liver (Figure 3c).
Meanwhile, we synthesized 14 ionizable lipid analogs featuring
only one alkyl chain in each tail and evaluated in vivo mRNA
delivery (Figures S19 and S20). These ionizable lipid analogs
mediated robust mRNA delivery to the liver rather than the
spleen (Figure S19a,b). Only 2 out of the 14 counterpart lipids
exhibited higher luciferase expression in the spleen compared
to that in the liver (Figure S19c). We also investigated the
correlation between LNP size (with and without dendron-like
design) and spleen delivery efficacy, observing only a weak
relationship between LNP size and spleen-tropic activity
(Figure S20), in accordance with previous studies.'”® These
findings underscore the importance of dendron-like designs of
ionizable lipids in facilitating mRNA delivery to the spleen.

We further investigated the influence of different chemical
structures on spleen-tropic mRNA delivery. Initially, the
importance of the amine number was evaluated by analyzing
the delivery efficacy of dendron-like ionizable lipids. An amine
number of 5 mediated the most potent mRNA delivery to the
spleen (Figure 3e), suggesting that a higher amine number in
the lipids potentially increases spleen-tropic delivery.'””
Additionally, a tail length of 9 resulted in more potent
expression in the spleen (Figure 3f), whereas both longer and
shorter tails generally demonstrated lower levels of mRNA
delivery to the spleen. Furthermore, a tail substitution number
of 5 with branched tail morphology led to enhanced mRNA
delivery to the spleen (Figure 3gh). Collectively, these results
highlight that the chemical structure of dendron-like ionizable
lipids influences spleen-tropic mRNA delivery.

Based on these investigations, 18—2—9b2, composed of five
secondary amines and 10 multiarmed degradable tails with a
branched architecture, demonstrated the most efficient spleen-
specific mRNA delivery (Figure S21). Although 15—2—9b and
18—2—11 exhibited greater luminescence intensity in the
spleen than the 18—2—9b2 LNP, they also showed higher
transfection in the liver and lungs, indicating lower specificity
for the spleen. Following the analysis of both the spleen
delivery efficacy and specificity, 18—2—9b2 LNP was selected
for further consideration.

2.4. Endogenous Targeting Potential of Dendron-like
LNPs for Spleen-Tropic Delivery. We next investigated the
potential mechanism of the dendron-like design facilitating
spleen-tropic delivery. First, the pk, of LNP may influence
targeted mRNA delivery to the spleen.'”*® To better compare
the results, an ionizable lipid analog without a dendron-like
design, 18—1—9b2, was used (Figure S22). The pk, value of
18—1-9b2 was found to be 6.20, consistent with previous
studies indicating pk, values between 6 and 7 for potent
nucleic acid delivery to the liver (Figure $23a).”’ Conversely,
the pk, of 18—2—9b2 was 5.65, deviating from the established
pk, characteristics associated with the 18PA-based SORT
spleen LNP (pk, ranging from 4 to S) for the mRNA delivery
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Figure 4. Proteomics analysis of protein corona bound to the LNP surface. (a) Schematic illustration of the experimental process of protein corona
adsorption on the LNP for subsequent proteomics analysis. (b) Heatmap of different clusters in the protein corona between 18-2-9b2, MC3/18PA,
and MC3-treated groups (n = 4). Pie chart (c) and proportion (d) of Cluster 2 in different LNP-treated groups. (e) Representative enhanced fold
change of proteins in Cluster 2 between different LNP-treated groups. (f) Schematic illustration of endogenous protein adsorption on LNP-
mediated intracellular processing of mRNA delivery. 18—2—9b2 LNPs were pre-coated with Itga2b and used to treat RAW264.7 cells. Luciferase
expression was used to evaluate mRNA transfection (g), while flow cytometry was used to evaluate intracellular uptake of CyS-tagged mRNA-LNP
(h). Normalized luciferase expression is reported as the mean + SEM (n = 3 biological replicates). Statistical significance in (d), (g), and (h) was
calculated using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple comparison test. **P < 0.01; ***P < 0.001; *##*P <
0.0001.

to the spleen (Figure S23b).”’ These results suggest that the that the 18—2—9b2 LNP-treated group exhibited an increase in

pk, of LNPs represents only one facet of the complicated
landscape governing spleen-tropic mRNA delivery activity.
Therefore, we further explored the endogenous targeting
potential of 18—2—9b2 LNPs by assessing the protein corona
ex vivo via mass spectrometry-based proteomics (Figures 4a
and S24—526). We noted a significant enhancement of Cluster
2 in the corona bound to the 18—2—9b2 LNP (57.3%), which
is 3.23-fold and 2.11-fold enhancement compared to MC3 and
MC3/18PA groups, respectively (Figure 4b—d). A further
Gene Ontology (GO) enrichment analysis of Cluster 2 showed

proteins responsible for various cellular processes, such as
hematopoietic progenitor cell differentiation, transporter
activity, and transmembrane transporter activity (Figure
S27). These processes influence the efficacy, targeting, and
intracellular processing for LNP-mediated delivery to the
spleen.”*”

We further selected and analyzed representative proteins in
Cluster 2, which are highly abundant in the corona. It was
shown that the amount of Abcb6, Itga2, Itga2b, and Itgb2 in
the corona of the 18—2—9b2 LNP treatment group increased
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Figure 5. 18—2—9b2 LNP-mediated in vivo mRNA delivery to splenic macrophages. (a) Ail4 mice were treated with 18—2—9b2 or MC3/18PA
LNP encapsulating Cre mRNA 3 days prior to analysis (0.3 mg/kg). Spleens were digested and stained for quantifying cell populations for
tdTomato" expression. PBS was injected as a negative control. (b) Characterization of 18—2—9b2 and MC3/18PA LNPs. (c) Proportion of
tdTomato* macrophage cell types in the spleen assessed by flow cytometry. RPM: red pulp macrophage; WPM: white pulp macrophage; MZM:
marginal zone macrophage; MMM: marginal metallophilic macrophage. (d) Representative immunostaining demonstrating signal overlap between
tdTomato" cells and macrophage markers (yellow arrow). DAPI was used for nuclear staining. F4/80 was used for macrophage staining. CD163
was used for RPM staining. CD169 was used for MMM staining. Statistical significance in (c) was calculated using one-way analysis of variance
(ANOVA), followed by Dunnett’s multiple comparison test. *P < 0.05; ***P < 0.001. Data are presented as mean =+ s.em. (n = 4 mice).

2—S§ times compared to these in MC3 and MC3/18PA LNP-
treated groups (Figure 4e). Additionally, well-identified
proteins like apolipoprotein E (ApoE, liver-directed nano-
particle delivery) and vitronectin (Vtn, lung-directed nano-
particle delivery) were significantly decreased in the corona of
the 18—2—9b2 LNP treated group, consistent with previous
studies (Figure $28)."*"** Specifically, Itga2b is predom-
inantly expressed on the surface of platelets and megakar-
yocytes; consequently, nanoparticles that interact with Itga2b
may be preferentially directed to the spleen due to its rich
platelet content.”’

Moreover, we preincubated the 18—2—9b2 LNP with Itga2b
to evaluate the effect of protein adsorption on luciferase
expression and intracellular uptake in RAW264.7 cells, which
share many characteristics with splenic macrophages and serve
as a useful model for studying their response to nanoparticles
(Figure 4f). We observed a 1.5—4.6 fold improvement in
luciferase expression across all amounts of protein tested
(Figure 4g) and significantly higher intracellular uptake of
CyS-tagged mRNA compared to uncoated LNPs (Figure 4h).
Collectively, these results demonstrate that endogenous
targeting may act as a potential mechanism for dendron-like
design in facilitating mRNA delivery to the spleen.

2.5. 18-2-9b2 LNP Mediates mRNA Delivery to
Splenic Macrophages. Having demonstrated that 18—2—
9b2 LNP facilitates targeted mRNA delivery to the spleen, we
next evaluated its ability to transfect specific cell types within
the spleen. We used an Ail4 (constitutive loxP-STOP-loxP-
tdTomato) reporter mouse model, which has been widely used
for organ-specific gene editing studies.'”””’* LNP-mediated
intracellular delivery of Cre recombinase mRNA in this model
deletes a flanking stop cassette, leading to tdTomato
fluorescence expression within the transfected cell (Figure
5a)."”** To benchmark the performance of our lead 18—2—

9b2 LNP, a gold standard spleen-tropic MC3/18PA LNP was
formulated as a positive control (Figure 5b).”*** Following a
single systemic administration of 0.3 mg/kg Cre mRNA using
the 18—2—9b2 LNP, effective spleen gene modulation was
observed 3 days postadministration (Figures Sc and $29). In
particular, we observed transfection of 20.5% of red pulp
macrophages (RPM) and 4.6% of marginal metallophilic
macrophage (MMM), representing a 3.0-fold and 3.8-fold
improved editing efficacy compared to MC3/18PA LNP,
respectively. Interestingly, we did not observe editing of other
immune cell types including dendritic cells (DCs), T cells, and
B cells in the spleen, which might be due to the relatively
suboptimal delivery efficacy of 18—2—9b2 LNP and protocol
optimization of MC3/18PA LNP (Figure $30).°" Immunos-
taining of tdTomato® cells further validated the enhanced
performance of 18—2—9b2 LNPs relative to that of MC3/
18PA LNPs (Figure Sd). Importantly, the 18—2—9b2 LNP
exhibited minimal in vivo toxicity, as evidenced by tissue
section histology (Figure S31).

Specifically, red pulp macrophages (RPM), localizing in the
splenic red pulp, play a crucial role in the maintenance of
blood homeostasis by actively phagocytosing injured and
senescent erythrocytes and blood-borne particles.”*"** RPM
accumulate large amounts of heme within their cytoplasm, and
the transcription factor Spic has been reported to specifically
regulate RPM development.®*** Heme promotes degradation
of the transcriptional repressor BTB domain and CNC
homologue 1 (BACH1), thereby reversing the repression of
Spic by BACH1 (Figure 6a).°* Utilizing a Spic-GFP transgene
mouse model,””*® where the expression of Spic is inversely
correlated with BACHI1 and is easily quantifiable by GFP
intensity in the RPM, we demonstrated the potential of the
18—2—9b2 LNP for therapeutic mRNA delivery to the spleen.
The 18—2—-9b2 LNP encapsulating BACH1 mRNA was
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Figure 6. 18—2—9b2 LNP-mediated in vivo BACH1 mRNA delivery
to the spleen of Spic-GFP reporter mice. (a) 18—2—9b2 LNP-
mediated BACHI1 expression can repress the expression of Spic,
leading to the downregulation of the GFP signal in a Spic-GFP
reporter mice model. LNP was systemically administered into mice at
a dosage of 1.0 mg/kg. (b) BACH1 level in sorted RPM was evaluated
by quantitative PCR. (c) Proportion of GFP* RPM assessed by flow
cytometry. (d) Representative immunostaining demonstrating
decreased GFP signal after BACHI mRNA delivery. DAPI was
used for nuclear staining. F4/80 was used for macrophage staining.
CD163 was used for RPM staining. Statistical significance in (b) and
(c) was calculated using a Student’s ¢ test with unpaired design. *P <
0.0S. Data are presented as mean =+ s.e.m. (n = 3 mice).

systemically injected to Spic-GFP mice, and after 48h, mice
were sacrificed, and the spleen was isolated for further
evaluation. Quantitative PCR (qPCR) was employed to assess
the delivery of BACH1 to RPM (Figure 6b). In comparison to
PBS-treated mice, the expression of BACHI in 18—2—9b2
LNP-treated mice repressed the expression of Spic, leading to
the downregulation of GFP signal observed through flow
cytometry and immunostaining (Figures 6c,d and S32).
Collectively, these data demonstrate that the development of
18—2—9b2 LNP with a dendron-like structure can facilitate
targeted mRNA delivery to splenic RPM, and the delivery of
therapeutic BACH1 mRNA using this platform holds potential
to regulate transcriptional factors within splenic RPM.

3. CONCLUSIONS

In summary, we developed a straightforward approach to
construct a library of dendron-like degradable ionizable lipids
with tailed dendron-like architectures that can be formulated
into dendron-like LNPs. Following high-throughput in vitro
screening, we identified 14 dendron-like LNPs demonstrating
transfection efficacy superior to that of the gold standard MC3
LNP formulation. These selected LNPs were further validated
for facilitating mRNA delivery to the spleen through systemic
administration in vivo, in comparison with ionizable lipid
analogs lacking dendron-like structures. The lead dendron-like
LNP, 18—2—9b2, adsorbs a series of hematopoietic and
transmembrane transporter-related proteins in the serum,
potentially directing its spleen tropism. Furthermore, 18—2—
9b2 LNP encapsulating Cre mRNA demonstrates targeting of

spleen red pulp macrophages and marginal metallophilic
macrophage in the Ail4 mice model, outperforming a
spleen-tropic MC3/18PA LNP system. This lead dendron-
like LNP was then used for delivering BACHI1 mRNA in Spic-
GFP reporter mice, wherein the expression of BACHI
effectively repressed the Spic-GFP signal, highlighting the
potential for regulating transcriptional factors through mRNA
delivery. Our innovative design of dendron-like degradable
ionizable lipids holds potential promise for targeted mRNA
therapeutics, regenerative medicine, and gene editing applica-
tions in the spleen. The design of dendron-like lipids may open
new avenues to construct next-generation LNP formulations
for extrahepatic mRNA delivery.
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