Published on 23 uztailak 2024. Downloaded on 2024/10/15 22:22:29.

Journal of _
Materials Chemistry B

COMMUNICATION

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,
2024, 12, 8062

nanoparticlest

Received 5th May 2024,
Accepted 22nd July 2024

Hui Fan*® and Jinjin Chen
DOI: 10.1039/d4tb00960f

rsc.li/materials-b

The application of mRNA therapy is constrained by the current lipid
nanoparticles’ (LNPs) inability to target non-liver tissues. In this
study, we demonstrate that ionizable lipids equipped with branched
and biodegradable tails enhance the selective delivery of mRNA to
the spleen, particularly to antigen-presenting cells. This approach
offers novel insights into how the chemical structure of LNPs
influences their organ-specific targeting capabilities.
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Enhancing spleen-targeted mRNA delivery with
branched biodegradable tails in lipid

Yupeng Ren,i® Ling Zeng,1® Yingsen Tang,” Jing Liao,” Meng Jiang,” Xinxiu Cao,*®

*b

Since the global administration of mRNA vaccines during the
COVID-19 pandemic, mRNA therapy has garnered substantial
attention.' Currently, LNPs are the sole mRNA carriers author-
ized by regulatory agencies among various delivery vehicles.*™
The COVID-19 mRNA vaccines produced by Moderna and
Pfizer/BioNTech, which employ LNPs as carriers, have demon-
strated high efficacy and favorable safety profiles.” And LNPs
offer promising applications for the diagnosis and treatment
of viral hepatitis and cancer through integration with CRISPR/
Cas gene editing.®® However, LNPs predominantly target liver
tissues following both intravenous and intramuscular admini-
strations.’ This liver-specific delivery not only heightens the
risk of hepatotoxicity but also restricts the potential applica-
tions of mRNA therapy for non-hepatic diseases. Consequently,
developing LNP materials for targeted transfection of specific
tissues, organs, or cells will be a future direction in the
development of RNA therapeutics.'®*

A typical LNP comprises cationic or ionizable lipids, choles-
terol, helper lipids, and PEGylated lipids. Given that cationic or
ionizable lipids are crucial components of LNPs, their chemical
structures significantly influence the efficiency and specificity
of mRNA delivery."” An ionizable lipid typically consists of a
head, a linker, and a tail. In prior research, our group demon-
strated that non-hepatic delivery of mRNA could be achieved by
optimizing the lipid heads and linkers. For example, an amine
head featuring an imidazole group facilitated spleen-specific
mRNA delivery, while an amide linker promoted lung-specific
mRNA expression.’*™*® However, reports on the non-hepatic
delivery of mRNA that leverage the diversity of tail structures
remain scarce, thereby limiting a comprehensive understand-
ing of the relationship between the chemical structure of LNPs
and their organ-targeting capabilities.

In this study, we synthesized a novel library of ionizable
lipids featuring various combinations of heads and tails. The
library construction involved a two-step reaction process, as
illustrated in Fig. 1. Initially, tails were synthesized via the
esterification of a brominated spacer with either a branched or
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Fig. 1 Methods for constructing a lipid library. (A) Reaction mechanisms
of the amine and brominated tails. (B) Structures of the amine and
brominated tails used in the synthesis of a library.

a linear end group. Subsequently, these tails (Fig. S1, ESIT) were
reacted with different amine heads, resulting in a comprehen-
sive library of 286 distinct lipid structures. The tails consisted
of carbon spacers and alkyl chains, which varied in length,
branching, and saturation, all linked by a biodegradable
ester bond. The lipids were designated as AxCyBz for those
with branched tails, and AxCyLz for those with linear tails, as
depicted in Fig. 1B.

For the initial screening, LNPs were assembled using crude
lipids, cholesterol, distearoylphosphatidylcholine (DSPC), and
1,2-dicarnosine-sr-3-methoxy (polyethylene glycol)2000 (DMG-
PEG2000) in a mass ratio of 16:4:2:1. Firefly luciferase mRNA
(mLuc) served as the reporter mRNA, incorporated into LNPs at
a weight ratio of 20:1. The efficacy of mRNA delivery was
assessed by measuring luciferase protein expression in HeLa
cells post 24-hour incubation with various LNP/mLuc com-
plexes. As depicted in Fig. 2, the initial screening of the 286
LNPs indicated that the tail branching significantly impacted
mRNA expression levels. LNPs formulated with branched tail
lipids exhibited superior mRNA delivery compared to those
with linear tails. The nature of the amine heads also influenced
mRNA expression, with amines A19, A20, A28, A75, A76, A80,
A81, A9322, and A223 demonstrating more robust signals than
other amines. Notably, tails with branched structures B1 and
B2 yielded the highest rates of positive mRNA expression. These
findings underscore the critical role of branched tail structures
in enhancing in vitro mRNA expression.

Twenty-three LNPs demonstrating positive in vitro mRNA
expression were selected for subsequent in vivo evaluation.
These LNPs, loaded with mLuc, were intravenously injected
into 4-week-old ICR mice at a dosage of 2 pg mRNA per mouse.
Six hours post-injection, mLuc expression was assessed using
an in vivo imaging system (IVIS). As illustrated in Fig. S2A
(ESIY), lipids with a six-carbon spacer facilitated enhanced
whole-body mRNA expression compared to those with an
eight-carbon spacer. Consistent with in vitro results, lipids with
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Fig. 2 The luciferase intensity in Hela cells after treatment with mLuc-
loaded LNPs for 24 h.

branched tails containing B1 and B2 alkyl chains exhibited
higher signals relative to other branched configurations. Key
organs, including the heart, liver, spleen, lung, and kidneys,
were isolated and imaged to further evaluate the organ speci-
ficity of these LNPs (Fig. S2B, ESIf). Predominantly, the lipids
demonstrated spleen-specific mRNA expression. Interestingly,
the amine head A223 was associated with lung-selective mRNA
expression (Fig. S3, ESIf). Notably, the in vivo expression
patterns were not always consistent with in vitro findings. For
example, the lipids A76-C6B2 and A81-C8B1, which were highly
effective in vitro, exhibited negligible signals in mice. This
discrepancy could be attributed to the more complex biological
conditions encountered in vivo.

The five top-performing lipids with high in vivo mRNA
expression underwent further purification and detailed charac-
terization, employing techniques such as mass spectrometry
and "H NMR, as shown in Fig. S4 (ESIt). Subsequently, LNPs
formulated with these purified lipids were analyzed for their
size and zeta potential (Fig. S5, ESIt). Dynamic light scattering
(DLS) measurements indicated that the hydrodynamic diameters
(Dh) of the unloaded LNPs ranged from 100 to 135 nm, with
polydispersity indices (PDIs) between 0.15 and 0.25, as depicted in
Fig. S5A (ESIt). Upon incorporation of mRNA, the LNPs/mRNA
complexes exhibited an increased Dh, ranging from 145 to
200 nm, and displayed narrower PDIs, between 0.09 and 0.20,
compared to the blank vehicles. Predictably, the zeta potential of
the LNPs shifted from a positive charge towards a nearly neutral
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Fig. 3 (A) Representative IVIS images of mice at 6 h post intravenous
injection of LNPs (2 pg of mLuc per mouse). (B) Ex vivo images of major
organs from mice treated with LNPs. (C) Quantification of mRNA expres-
sion by five LNPs in various organs.

charge following mRNA encapsulation, as observed at pH 7.4,
according to Fig. S5B (ESIT).

The purified lipids exhibited significant differences in
mRNA expression compared to their unpurified counterparts
in vivo (Fig. 3). All the lipids exhibited spleen-selective mRNA
expression (Fig. 3B). Notably, lipid A28-C6B2 demonstrated the
highest mRNA expression in the spleen, accounting for ~83%
intensity of the whole-body signal. Although other purified
lipids also showed targeted mRNA delivery to the spleen to
some extent, the expression levels were markedly lower com-
pared to those of the crude lipids. This suggests that certain
impurities in the crude products may enhance mRNA delivery
under some conditions.

A successful mRNA delivery system must navigate several
critical steps: (1) reduced clearance during circulation; (2) sub-
stantial accumulation at the target organ; (3) efficient cellular
uptake by the targeted cells; and (4) rapid escape from the
endosome to the cytoplasm.'® To investigate how these factors
influence mRNA delivery efficacy, we assessed the pK,, cellular
uptake, membrane permeability, biodistribution, and sub-
cellular mRNA expression of these LNPs.

Firstly, the effectiveness of LNPs is largely dependent on
their pK, values.'”” We next tested the pK, of all LNPs using a
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Fig. 4 The pK, (A), cellular uptake (B), and hemolysis ability (C) of LNPs.
Data were presented as mean =+ s.d., n = 2. The statistical significance was
calculated by one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, and ns represents not statistically significant.

6-(p-toluidino)-2-naphthalenesulfonic acid sodium salt (TNS)
assay according to a previously published protocol (Fig. S6,
ESI{). ALC0315, the gold standard lipid used in COMIRNATY®,
was used for comparison, with a pK, of 6.03, aligning with
previously published results. As shown in Fig. 4A, the pK, of
A28-C6B2 was determined to be 6.43, closely matching that of
ALC-0315. However, other LNPs displayed significantly higher
PK, values, ranging from 6.68 to as high as 8.0. These findings
indicate that pK, values are primarily influenced by the head
structure. For instance, A81, regardless of the tail variations,
showed consistent pK, values, while the difference between
lipids A28-C6B2 and A81-C6B2 was approximately 1.5.

The cellular uptake of LNPs was observed to correlate
strongly with their pK, values (Fig. 4B). During experiments
conducted at pH 7.4, LNPs with lower pK, values showed
reduced cellular uptake, while those with higher pK, values
demonstrated increased cellular internalization. This variance
can be attributed to the higher protonation rate of the tertiary
amines at pH 7.4 in LNPs with higher pK, values, confirming
that LNP cellular uptake is determined by their surface
charge.'®*°

Additionally, the hemolytic properties of these LNPs at
pH 7.4 and 5.5 were measured to assess their membrane

This journal is © The Royal Society of Chemistry 2024
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permeability under different conditions. Ideally, LNPs should
exhibit low cell membrane permeability at the physiological pH
of approximately 7.4, and high endosomal disrupting capability
at the acidic pH of about 5.5.* Interestingly, LNPs displayed
varying degrees of membrane permeability. Lipids with six-
carbon spacers showed negligible hemolysis at pH 7.4, while
those with eight-carbon spacers exhibited significant hemoly-
sis, exceeding 50%. As the pH decreased to 5.5, increased
protonation of the tertiary amines led to enhanced interaction
with cell membranes due to electrostatic interactions. This
increased membrane permeability under acidic conditions
facilitates the endosomal escape of LNPs and the subsequent
release of mRNA into the cytoplasm.*® These findings suggest
that LNP membrane permeability is influenced by both the
head amine and the tail structures.

Different from the small molecules, the successful mRNA
expression is not equal to the biodistribution. The relationship

A A81 CSBZ/DID A28-C6B2/DiD
B uTt A81-C8B2/DiD A28-C6B2/DID

ENE

[a s

o

o

D -

< |

w | 4

o,

o

o ¢

C

= 100+ — -
< s rEA i
» o ABI-CBR2 *ek
= 80 I vy
8 . A2BCOR2 ¥

2 504

D =

o 404 1

g M= !

§ 204 1

S

a 0 T T T

T cell Macrophage DC

View Article Online

Journal of Materials Chemistry B

between the subcellular biodistribution and mRNA expression
was evaluated using IVIS and flow cytometry. LNPs were initi-
ally incorporated with DiD dye, which indicates the biodistri-
bution of LNPs. mRNA expression was analyzed in a Cre
recombinase/LoxP reporter mouse model. When the mRNA
encoding Cre mRNA (mCre) is delivered and expressed in cells,
the LoxP gene is cut.*' Subsequently, the tdTomato gene is
activated and the protein is expressed with red fluorescence,
which can be detected by IVIS and flow cytometry (Fig. S7 and
S8, ESIt). The Lipids A28-C6B2 and A81-C8B2 served as positive
and negative controls, respectively. As shown in Fig. 5A and D,
lipid A28-C6B2 demonstrated an increased DiD and tdTomato
signal in the spleen compared to A81-C8B2 and untreated mice.
However, both A28-C6B2 and A81-C8B2 LNPs exhibited a
similar subcellular distribution, predominantly within F4/80-
positive macrophages and CD11c-positive dendritic cells (DCs).
Over 80% of these macrophages and DCs were DiD-positive,
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Fig. 5 Biodistribution and mRNA expression of LNPs after I.V. administration. (A) and (D) The IVIS images of spleen after treatment with LNP/DiD (A) and
LNP/mCre (D). (B) and (E) The flow cytometry analysis of splenocytes after treatment with LNP/DiD (B) and LNP/mCre (E). (C) and (F) Quantified
percentage of DiD-positive (C) and tdTomato-positive (F) splenocytes. Data were presented as mean =+ s.d., n = 2—-3/group. The statistical significance
was calculated by one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns represents not statistically significant.
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significantly higher than that observed in T cells (Fig. 5B and
C). Despite this, the percentage of mRNA expression was much
lower than the LNP distribution; about 7.5% of macrophages
and DCs in the A28-C6B2 group expressed tdTomato protein,
while no signal was detected in the A81-C8B2 group (Fig. 5E
and F). Moreover, though over 20% of T cells could also take up
LNPs, no positive signal of tdTomato expression was detected
owing to the difficulty in T cell transfection. The encapsulation
efficiency of A28-C6B2 and A81-C8B2 was determined to be
64.15% and 54.15%, respectively, as shown in Fig. S9 (ESIT).
The results suggest that the amine head may affect the encap-
sulation efficiency of LNPs. Although LNPs efficiently delivered
mRNA to the correct organs and cells, the expression of mRNA
was also influenced by other known or unknown factors.

Conclusions

In this work, we synthesized a new library of ionizable LNPs
featuring either branched or linear biodegradable tails. Initial
in vitro screenings revealed that lipids with branched tails
significantly enhanced the efficacy of mRNA delivery compared
to those with linear tails. Notably, the lipid A28-C6B2 demon-
strated high spleen-specific mRNA expression following intra-
venous administration. Additionally, A28-C6B2 efficiently
targeted mRNA delivery to antigen-presenting cells, under-
scoring its potential utility in immunotherapy. Interestingly,
the specificity of organ-targeted mRNA delivery was influenced
not only by the biodistribution of the LNPs but also by factors
such as pKj,, cellular uptake, and membrane permeability. This
research introduces a novel strategy for non-hepatic mRNA
delivery by manipulating tail structures, offering new insights
into the interplay between the chemical structures and the
targetability of LNPs.
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